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The Funeral Mountains metamorphic core complex (FMMCC) in Death Valley, 
California exposes middle to lower crustal rocks of the Sevier-Laramide orogen in 
the footwall of the Miocene Boundary Canyon detachment. The structurally deepest 
rocks in the FMMCC are exposed in Monarch Canyon, where the Meso- to 
Neoproterozoic metasedimentary rocks record upper amphibolite facies 
metamorphism with migmatites developed at the deepest levels. Distributed ductile 
deformation and stratigraphically-localized high-strain zones, termed intracore 
shear zones, are responsible for attenuation and local stratigraphic omission during 
top-northwest non-coaxial deformation. The structurally deepest Monarch Spring 
shear zone (MSSZ) juxtaposes the migmatitic paragneisses below against 
greenschist to amphibolite facies marbles, pelitic and calcsilicate schists above. 
Below the MSSZ, the migmatitic paragneisses lack the top-northwest fabrics and 
instead exhibit a northeast-trending mineral lineation and local, strong fabric 
asymmetry indicative of top-southwest shear. We hypothesize that the MSSZ 
represents a deformed anatectic front, and an apparent zone of structural 
decoupling between orthogonally-directed shear fabrics at deep crustal levels 




that are folded with the top-SW fabric yield crystallization ages of 68 Ma, while a 
dike cutting the top-SW fabric and another cutting isoclinal folds yield ages of 61 Ma 
and 57 Ma, respectively. This geochronology along with EBSD and structural 
observations indicate that the orthogonally-directed flow above and below the 
MSSZ may have developed coevally and synchronous with continued regional 
compression during the Sevier-Laramide orogeny, supporting the hypothesis of 
synorogenic extension. 
The timing of extension within Cordilleran metamorphic core complexes 
remains controversial, with the opposing views of Tertiary extension during a single 
tectonic event, or a polyphase extensional history beginning in the Late Cretaceous 
and continuing through the Miocene. The relative contributions of Late Cretaceous-
early Tertiary and Miocene extensional strains in the FMMCC, which manifest in the 
top-northwest fabric, are addressed here using thermochronologic, microstructural, 
and EBSD studies. The EBSD and microstructural data show predominantly mixed 
<a> to prism <a> slip and subgrain rotation to grain boundary migration, suggesting 
deformation temperatures ca. 400-550° C. One quartzite lies adjacent to a marble 
that yields an 40Ar/39Ar muscovite cooling age of 44 Ma, suggesting pre-44 Ma 
deformation. The timing of deformation along the intracore shear zones remains 
elusive, although an 8 m.y. discrepancy (78 Ma versus 86 Ma) across the Monarch 
Canyon shear zone may indicate extension along the MCSZ occurring in the Late 
Cretaceous. Groupings of 40Ar/39Ar muscovite ages in the proximity of Monarch 
Canyon indicate cooling during the Oligocene and Eocene, hinting at the potential 




Regardless, the thermochronologic and microstructural data support a polyphase 
extensional history for the Funeral Mountains metamorphic core complex, 
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Metamorphic core complexes within the North American Cordillera form a 
discontinuous belt from southern Canada to northern Mexico and juxtapose high-
grade metamorphic rocks against relatively unmetamorphosed and undeformed 
rocks across detachment faults (e.g., Davis and Coney, 1979; Armstrong, 1982; 
Coney and Harms, 1984). The unroofing of these core complex rocks is generally 
thought to be accommodated by extension on the core-bounding detachment faults 
in the Cenozoic, subsequent to deep burial and metamorphism in the Mesozoic due 
to retroarc crustal thickening during the Sevier orogeny.  However, this simplistic 
two-phase evolution of metamorphic core complexes is contradicted by evidence for 
Mesozoic extension in the hinterland of the Sevier fold-thrust belt (e.g., Hodges and 
Walker, 1992; Applegate, 1994; Wells and Hoisch, 2008). The Funeral Mountains 
metamorphic core complex provides an exceptional opportunity to examine this 
potential polyphase exhumation history beginning in the Mesozoic.  
 Funeral Mountains Background  
 The Funeral Mountains in southeastern California form the easternmost 
boundary of Death Valley National Park, and lie within the western portion of the 
Basin and Range physiographic province and within the hinterland of the Sevier fold 
and thrust belt (Fig. 1). In the northern portion of the range, the FMMCC preserves 




Figure 1: Simplified tectonic map of western North America. Sevier fold-thrust belt is marked 
with light gray shading; note the location of the Funeral Mountains (FM) in the hinterland of 
the Sevier FTB. CVTB – Central Nevada thrust belt; DVTB – Death Valley thrust belt; EST – 
East Sierran thrust system; FM  - Funeral Mountains; GT – Golconda thrust; MSL – Mojave-
Snow Lake fault; LFTB – Luning-Fencemaker thrust belt; SFTB – Sevier fold and thrust belt; 
WT – Windermere thrust. From Hoisch et al. (2014). 
 
 
FMMCC lies within the footwall of the Miocene Boundary Canyon detachment fault 
(BCD), which juxtaposes the high-grade Proterozoic metamorphic core against 
relatively undeformed and unmetamorphosed Neoproterozoic to Tertiary rocks of 
the hanging wall (Wright and Troxel, 1993; Hoisch and Simpson, 1993; Applegate 
and Hodges, 1995). The BCD forms the northern and northeastern boundary of the 
FMMCC, and the southwestern boundary is defined by the Keane Wonder Fault 
(Wright and Troxel, 1993; Beyene, 2011) (Fig. 2). Within the FMMCC, there is a 




Figure 2: Simplified geologic map of the northern Funeral Mountains in eastern Death Valley. 
The Boundary Canyon detachment and Keane Wonder fault bound the core complex. Dashed 
lines are igograds. Note that ‘Rye’ Canyon is an unofficial name used in this study. ESZ – 
Eastern shear zone; MCSZ – Monarch Canyon shear zone; CCSZ – Chloride Cliff shear zone; 
MSSZ – Monarch Spring shear zone; Bt – biotite; Grt – garnet; Ky – kyanite; St – staurolite; Chl 
– chlorite. Modified from Hoisch et al. (2014). 
 
to upper amphibolite facies and intense migmatization at Monarch Canyon to the 
northwest (Labotka, 1980; Hoisch and Simpson, 1993, Mattinson et al., 2007; Hoisch 
et al., 2014). This increase in metamorphic grade is consistent with an increase in 





Intracore shear zones 
 Multiple, stacked shear zones, termed intracore shear zones, occur within the 
core of the FMMCC and potentially accommodated a large amount of late Mesozoic 
extension.  The metasedimentary strata within the core complex remain in 
stratigraphic sequence, however the intracore shear zones form many of the 
contacts between the units (Fig. 3), which are progressively attenuated and/or 
omitted to the northwest. The metasedimentary stratigraphy represents Meso- to 
Neoproterozoic age rocks, which are from oldest to youngest the Pahrump Group 
(Crystal Spring Formation, the Beck Spring Dolomite, and the Kingston Peak 
Formation), the Noonday Dolomite, the Johnnie Formation, and the Stirling 
Quartzite (McAllister, 1971; Wright and Troxel, 1993)(Fig. 3). It remains 
controversial whether the gneissic migmatite complex at the base of the 
stratigraphic sequence represents crystalline basement or lower Crystal Springs 
Formation (e.g., DeWitt et al., 1988; Wright and Troxel, 1993; Applegate and Hodges, 
1995; Mattinson et al., 2007). Previously, Wright and Troxel (1993) interpreted the 
base of the stratigraphic sequence as crystalline basement based on a 1.7 Ga 
206Pb/207Pb zircon age for a two-mica leucogranite dike which intrudes the section 
in lower Monarch Canyon. However, U-Pb geochronology completed by Applegate 
(1994) and in this study suggests that this 1.7 Ga age represents an inherited 
component in the zircons, with a Late Cretaceous-early Tertiary age for the 
leucogranite dikes (Chapter 2). Following Giaramita (1984), Applegate and Hodges 
(1995), and Mattinson et al. (2007), we correlate these paragneisses, amphibolite 





Figure 3: Tectonostratigraphic column of the northern Funeral Mountains. Intracore shear 
zones form many of the contacts between units. The Monarch Canyon shear zone is developed 
within the Noonday Dolomite. CCSZ – Chloride Cliff shear zone; ESZ – Eastern shear zone; 




similarities in lithology.  
Within the FMMCC, there are four recognized intracore shear zones (Fig. 2, 
3). From structurally deepest to shallowest these are the Monarch Springs shear 
zone within the lower part of the Crystal Spring Formation (Fig. 4a), the Chloride 
Cliff shear zone between the Beck Spring Dolomite and Kingston Peak Formation, 
the Monarch Canyon shear zone developed within the Noonday Dolomite (Fig. 4b) 
between the Kingston Peak and the Johnnie formations, and the Eastern shear zone 
between the Johnnie Formation and the Stirling Quartzite. The Chloride Cliff shear 
zone was originally recognized as omitting the entirety of the Beck Spring Dolomite 
(Applegate et al., 1992), however with the subsequent recognition of the Beck 
Spring Dolomite in Monarch Canyon (Applegate, 1994), the necessity and 
significance of the Chloride Cliff shear zone is called in to question. The Eastern 
shear zone is the only intracore shear zone that is truncated by the BCD, while the 
lower three are drawn into parallelism with the BCD to the northwest. The Chloride 
Cliff, Monarch Canyon, and Eastern shear zones are all truncated by the Keane 
Wonder Fault to the southwest. 
Kinematic regimes 
 There are two main kinematic regimes within the FMMCC. Above the 
Monarch Spring shear zone, the FMMCC exhibits top-northwest, noncoaxial 
deformation in the stratigraphically-localized high strain zones that define the 
intracore shear zones, as well as in the lesser-strained rocks between them (e.g. 






Figure 4: Field photographs of intracore shear zone.  A) Monarch Springs shear zone in upper 
Monarch Canyon. B) Monarch Canyon shear zone developed within the Noonday Dolomite. 




5). The shear sense below the Monarch Springs shear zone has not been described 
prior to this study, and exhibits predominantly top-southwest shear sense (Fig. 6). 
The significance of the Monarch Springs shear zone in this regard has not been 
previously addressed and will be explored in Chapter 5; however, this shear zone 
likely occupies an anatectic front and potentially represents a zone of structural 
decoupling between the top-northwest kinematics above and the top-southwest 
kinematics below. In the structurally deepest migmatitic paragneisses below the 
Monarch Springs shear zone, there is an injection complex of leucogranite dikes and 
sills, the significance of which will be further discussed in Chapter 2. In the footwall 
of the Monarch Canyon shear zone, the Kingston Peak Formation mostly displays 
top-southeast kinematics, which is compatible with the transport direction of 
regional contractional structures and may record Jurassic thrusting in the Funeral 
Mountains.  
 
Structural Evolution of the FMMCC 
 The Funeral Mountains metamorphic core complex records multiple 
episodes of deformation, including Mesozoic compressional deformation, Mesozoic 
extensional deformation, and Cenozoic extensional and transtensional deformation. 
 The first major deformational episode recorded in the Funeral Mountains is 
represented by pre-Sevier contractional structures. These structures include the 
Schwaub Peak and Clery thrusts in the southern portion of the range, which are 
thought to be part of a laterally continuous Permian thrust belt (Snow, 1992). 





Figure 5: Plate showing kinematic information above the MSSZ. A and B – Lower hemisphere 
equal angle stereograms showing the poles to foliation measurements and lineation 
measurements, respectively. Lineations trend northwest – southeast. C – Sigma 
porphyroclast in Rye Canyon showing top-NW shear sense. D – Sigma porphyroclasts in a 
mylonite from Rye Canyon showing top-NW shear. E – Quartz stretching lineations trending 
northwest-southeast on a quartzite from Rye Canyon. Lineations are parallel to pencil. F – 
Photomicrograph of quartzite sample KSFM13-11 from upper Monarch Canyon, with a delta 





Figure 6: Plate showing top-SW kinematics. A and B - Lower hemisphere equal-area 
stereograms showing poles to foliation measurements and lineation measurements, 
respectively. Lineations trend northeast-southwest. C – Garnet-bearing migmatitic 
paragneiss from upper Monarch Canyon below the MSSZ, displaying C’-type shear 
bands with a top-SW shear sense. Scale bar is 5 cm. D –Sigma porphyroclasts from 
lower Monarch Canyon showing top-SW shear sense. E – Mineral lineations defined 
by aligned hornblende in an amphibolite just below the MSSZ. Sledge aligned parallel 




contributed to the necessary structural load for the maximum burial that the 
northern Funeral Mountains experienced. The Last Chance thrust and associated 
Grapevine thrust may provide some of the structural load in the northern Funeral 
Mountains, however they are insufficient to provide the total structural burial 
necessary to reach the high metamorphic pressures (~9 kbar) observed in the 
structural deepest part of the Funeral Mountains (Hodges and Walker, 1990; Snow, 
1992; Hoisch and Simpson, 1993; Applegate and Hodges, 1995). The Boundary 
Canyon detachment may have started its history as a thrust fault in the late Jurassic, 
which may have provided the necessary structural burial observed in the northern 
Funeral Mountains (Hoisch et al., 2014). Mesozoic contraction related to the 
development of the Sevier fold and thrust belt is inferred to be recorded by 
recumbent folds, axial planar cleavage, and internal foliation in garnet and staurolite 
porphyroblasts (defined by aligned quartz inclusions) and the newly recognized, 
locally preserved top-SE shear fabric (Applegate, 1994; Applegate and Hodges, 
1995; Wells and Sauer, unpublished). Although the age of this contractional 
deformation is poorly constrained, recent Lu-Hf garnet geochronology provides an 
age of 158.2 ±1.6 Ma for growth of garnet whose PT path shows a steep pressure 
increase, which likely represents the timing of thrusting and peak Barrovian 
metamorphism in the Indian Pass area of the Funeral Mountains (Hoisch et al., 
2014). Hoisch et al. (2014) report a 40Ar/39Ar muscovite age of 152.6 ±1.4 Ma in 
adjacent rocks, which likely represents a cooling age due to erosion of the 
northwest-tilted stratigraphy. Contractional deformation in the region is 




Metamorphism of the core complex rocks may be due to the combined effects of 
structural burial during Permian and Mesozoic thrusting and heating from 
emplacement of the Sierra Nevada magmatic arc (Labotka and Albee, 1988; 
Mattinson et al., 2007). Although the proximity of the Funeral Mountains to the 
Sierra Nevada batholith may allow for some heat contribution, the PT constraints of 
Hoisch et al. (2014) suggest Barrovian metamorphism with geothermal gradients 
between 27-33°/km, which lessens the necessity of heat input from the contiguous 
batholith.  
 The next major deformational event in the Funeral Mountains is the 
hypothesized Late Cretaceous ductile extension, which we suggest manifests in the 
development of ductile shear zones (intracore shear zones) recording top-NW 
shear. There is a well-developed foliation that overprints the earlier contractional 
foliation, a well-developed mineral lineation defined by aligned kyanite and 
staurolite, and a stretching lineation defined by elongate quartz and calcite 
aggregates, which show a top-northwest transport direction (Hoisch and Simpson, 
1993; Applegate, 1994; Mattinson et al., 2007; this thesis)(Fig. 5). Following this 
phase of ductile extension, Applegate (1994, 1995) suggested that there is another 
episode of ductile extension, which may be either a separate deformational event, or 
may be related to progressive extensional deformation. This extensional 
deformation is recorded in tight to isoclinal folds, axial-planar cleavage, and an 
intersection lineation resulting in a well-developed pencil cleavage in lower-grade 
rocks to the southeast and as a crenulation hinge lineation in higher-grade rocks to 




 In lower Monarch Canyon and below the Monarch Springs shear zone, there 
are several suites of sills and dikes that intrude the Crystal Spring Formation of the 
Pahrump Group. These intrusive leucogranites range from 90 – 57 Ma and display 
intricate cross-cutting relationships with the earlier deformational fabrics as well as 
cross-cutting relationships between different episodes of intrusions (Applegate, 
1994; Mattinson et al., 2007; this thesis). These cross-cutting relationships will be 
explored in Chapters 2 and 5. 
 Following Mesozoic ductile extension is an episode of Miocene extension, 
which locally resulted in the inception of the Boundary Canyon detachment fault at 
10-11 Ma with slip ceasing at ~6 Ma (e.g., Holm and Dokka, 1991; Beyene, 2011). 
This detachment fault correlates regionally with the Bullfrog detachment and the 
Fluorspar Canyon detachment (Maldonado, 1990; Hoisch et al., 1997) (Fig. 7). 
Following or synchronous with the development of the BCD is the development of 
the Keane Wonder fault on the south-southwestern boundary of the Funeral 
Mountains. Several authors have suggested that the BCD and the Keane Wonder 
fault are traces of the same folded detachment fault (e.g., Hamilton, 1988; Hoisch 
and Simpson, 1993), while others reject this idea and interpret these as two distinct 
fault traces that merge to the northwest, with the Keane Wonder fault truncating the 
BCD north of the core complex (e.g., Wright and Troxel, 1993; Applegate and 
Hodges, 1995; Mattinson et al., 2007). The two faults are mapped as a single 
continuous structure to the north (e.g., Reynolds, 1976; Giaramita, 1984), however 
Wright and Troxel (1993) argue that the differences in the structural features 




Regardless of the relationship between the BCD and the Keane Wonder fault, 
younger (post ~6 Ma) motion along the Keane Wonder Fault can likely be attributed 
to oblique transtensional slip along the Furnace Creek-North Death Valley fault zone 
(Cemen et al., 1985; Applegate, 1995).   
 
Objective and Hypothesis 
 The kinematics and timing of the intracore shear zones of the FMMCC are 
poorly constrained and not well understood. These intracore shear zones may have 
accommodated a large amount of extensional exhumation during the late Mesozoic, 
prior to extensional unroofing due to motion on the BCD during the Miocene 
(Applegate, 1994). Alternatively, unroofing may have been due to a single tectonic 
episode in the Miocene corresponding with the development of the BCD.  We 
hypothesize that the Funeral Mountains had a polystage exhumation history that 
began in the Late Cretaceous and continued through the Miocene. This study aims to 
characterize the kinematics and timing of the intracore shear zones in order to 
determine the deformation, cooling, and exhumation history of rocks within the 
footwall of the BCD. In characterizing the kinematics and timing of these intracore 
shear zones, we also evaluate the significance of the Monarch Springs shear zone, 
and propose that it represents a zone of structural decoupling between top-






Figure 7:  Regional correlation of the Boundary Canyon detachment. To the north, the BCD 
correlated to the Bullfrog detachment in the Bullfrog Hills, and the Fluorspar Canyon fault 







 By determining the exhumation history of the Funeral Mountains 
metamorphic core complex, it will be possible to determine if a single tectonic 
episode was responsible for unroofing, or if instead exhumation was due to several 
tectonic episodes spanning a much broader time scale. Many authors believe that 
metamorphic core complexes within the North American Cordillera were exhumed 
during a single tectonic event in the Cenozoic (e.g., Dokka and Ross, 1995; Davis and 
Lister, 1988; Colgan et al., 2010). If the intracore shear zones did accommodate Late 
Cretaceous extension and show a polystage exhumation history for the FMMCC, then 
the exhumation history of the FMMCC may be applicable to other similar core 
complexes in the North American Cordillera. This potential older extensional history 
within the North American Cordillera and the Sevier hinterland has implications for 
tectonic and kinematic models during the Mesozoic evolution of the Sevier fold and 
thrust belt, supporting a model of synconvergent extension (e.g., Wells et al., 2012) 
for the Sevier orogen. More generally, this study allows for a better understanding of 








 Below the Monarch Spring shear zone (MSSZ) in the Funeral Mountains 
metamorphic core complex, there are several suites of leucogranite intrusions. Here, 
the country rocks to the intrusions lack the greenschist to amphibolite facies, top-
NW fabrics that are observed above the MSSZ. Instead, these rocks display mostly 
top-SW kinematics that were apparently coeval with upper amphibolite facies and 
migmatitic conditions in paragneisses, with evidence for multiple phases of 
leucogranite intrusions that display cross-cutting relationships with the 
surrounding ductile fabrics. Using zircon U-Pb geochronology, we can place some 
constraints on the timing of both leucogranite intrusions and the timing of top-SW 
deformation. 
Methodology 
Zircon U-Pb geochronology was completed on leucogranite dikes in Monarch 
Canyon below the Monarch Springs shear zone to better constrain the timing of top-
southwest deformation within the FMMCC. The leucocratic dikes chosen for U-Pb 
analysis are unaltered and show clear cross-cutting relationships with the 
surrounding deformational fabrics. U-Pb analysis was conducted at the Arizona 
Laserchron Center (ALC) at the University of Arizona in Tucson, AZ.   
Zircon crystals were extracted from the leucogranite dikes using standard 
mineral separation techniques, including hydraulic separation on a Wilfley table and 
purification using heavy liquid and magnetic separation techniques.  Hand-picked 




polished to expose the interior of the grains. After polishing, cathodoluminescence 
(CL) images were obtained which allow for the detection of zoning patterns, 
including inherited cores. Analyses included both the cores, which represent the 
older, inherited component, and the rims, which represent the younger, newly 
crystalized magmatic component. CL images allow for the detection of inherited 
cores, insuring that spots for analysis do not overlap both the core and rim.  
Zircon U-Pb analysis was conducted using laser ablation multicollector 
inductively coupled plasma mass spectrometry (LA-MC-ICPMS) (Gehrels et al., 
2008). Zircons were ablated with a Photon Machines Analyte G2 laser using a spot 
diameter of 30 μm with a ~15 μm pit depth. The ablated material is carried into the 
plasma source of the Nu Plasma HR MC-ICPMS, where the U, Th, and Pb are 
simultaneously measured. To ensure accuracy and reproducibility, two zircon 
standards were used for these analyses. The in-house Sri Lanka zircon standard 
yields an isotope dilution–thermal ionization mass spectrometry (ID-TIMS) age of 
563.5 ± 3.2 Ma, and the R33 zircon secondary standard yields an ID-TIMS age of 
~420 Ma (Gehrels et al., 2008).  
Systematic errors in measurements occur due to the standard calibration, 
age of the zircon calibration standards, composition of the common Pb, and 238U 
decay constant, and are generally 1-2% (2-sigma)(Gehrels et al., 2008). The 
206Pb/207Pb age is used for analyses > 1 Ga, and the 206Pb/238U age is used for those < 
1 Ga, as the intensity of the 207Pb signal is low in younger grains, therefore 




Data reduction is completed using an Excel spreadsheet (“agecalc”) provided 
by the ALC, which includes macros that execute the corrections and calculate the 
ages, uncertainties, and error correlations (Gehrels et al., 2008). Graphs were 
created using the Isoplot software of Ludwig (2003). Analytical data for U-Pb 
analyses are presented in Appendix A. 
 
Results 
 Three leucogranites were chosen for U-Pb geochronology based on their field 
relationships with surrounding fabrics: MW13FM-1, KSFM12-6, and MW12FM-9. 
Both cores and rims were analyzed; the zircon cores are rounded and unzoned, 
while the rims are euhedral with magmatic oscillatory zoning (Fig. 8). Inherited ages 
from zircon core analyses range from 1.6 Ga to 1.8 Ga, with one outlier at 2.3 Ga in 
sample KSFM12-6 (Fig. 9)(Table 1).   
KSFM12-6 is from an equigranular biotite granite dike that cuts the 
migmatitic fabric (Fig. 10) in upper Monarch Canyon, from the southern wall of the 
canyon. Petrographic analysis shows no foliation within this sample (Fig. 11). This 
sample yielded twenty-three concordant ages ranging from 58 Ma to 77 Ma, and a 
weighted mean age of 61.10 ± 0.74 Ma (n=22; Fig. 12). 
MW13FM-1 is a pegmatitic muscovite granite sill from the northern wall of 
lower Monarch Canyon, where many leucogranite intrusions display clear 
relationships with the surrounding fabric. This sill is deformed along with the 





Figure 8: Euhedral zircons from sample MW12FM-9. Zircons show oscillatory zoning in 












































data-point error ellipses are 
68.3% conf.
Figure 9: Concordia plots for KSFM12-6 and MW12FM-9. Older age population 





Figure 11: Photomicrograph of MW13FM-24. This is from the same sample as U-Pb 
sample KSFM12-6, and displays no macroscopic or microscopic foliation. Scale bar is 
200 μm. 
Figure 10: Biotite granite dike where sample KSFM12-6 was collected. Note that the 















KSFM12-6-2C  1672.3 2.8 MW12FM-9-16C  1660.5 2.8 
KSFM12-6-16C  1676.4 3.8 MW12FM-9-17C  1668.3 6.0 
KSFM12-6-4C  1686.1 5.3 MW12FM-9-21C  1672.9 4.7 
KSFM12-6-32C  1698.5 7.9 MW12FM-9-11C  1673.0 3.8 
KSFM12-6-29C  1719.0 8.0 MW12FM-9-06C  1680.5 2.1 
KSFM12-6-9IR  1737.6 2.3 MW12FM-9-26C  1681.2 9.9 
KSFM12-6-19C  1737.9 2.9 MW12FM-9-03R  1694.5 4.2 
KSFM12-6-31C  1738.8 5.5 MW12FM-9-01C  1716.0 3.4 
KSFM12-6-1C  1755.6 2.3 MW12FM-9-07C  1725.2 3.3 
KSFM12-6-10C  1760.1 7.1 MW12FM-9-12C  1732.6 10.4 
KSFM12-6-18C  1766.5 2.8 MW12FM-9-05C  1738.8 24.4 
KSFM12-6-3C  1781.8 1.5 MW12FM-9-03C  1746.0 10.8 
KSFM12-6-24C  1795.2 13.4 MW12FM-9-09C  1750.7 8.8 
KSFM12-6-28C  1810.1 2.5 MW12FM-9-13C  1758.9 7.1 
KSFM12-6-13C  1823.7 4.5 MW12FM-9-02C  1761.8 11.6 
KSFM12-6-22C  2340.6 51.4    
 
thickened in the hinge (Fig. 13).  The zircons in this sample are high in uranium, with 
U values ranging from 1588 to 4202 ppm; points with >4000 ppm U were rejected in 
the following analyses, as elevated U is correlated with apparently old U-Pb ages. This 
sample yielded 31 concordant ages ranging from 66.5 Ma to 97.6 Ma. The weighted 
mean analysis yielded an age of 68.10 ± 0.32 Ma (n=27)(Fig. 14).  
MW12FM-9 is from an undeformed biotite granite dike that cuts the isoclinal 
folds that deform the sill sampled in MW13-FM-1 (Fig. 13). This sample yielded 
twenty-five concordant rim ages ranging from 53 Ma to 59 Ma, with a weighted 








Using both field analyses and the U-Pb zircon ages, we can constrain the age of 
some of the deformation in the Funeral Mountains metamorphic core complex. The 
oldest dated leucogranites (MW13FM-1, ~68 Ma) are the pegmatitic muscovite 
granite sills that are deformed by isoclinal folds, indicating that their intrusion was 
either synchronous with or predated folding. The relationship between intrusion of 
the pegmatitic granite sills and the development of the top-SW shear is ambiguous; 
















Mean = 61.10±0.74  [1.2%]  95% conf.
Wtd by data-pt errs only, 1 of 23 rej.
MSWD = 0.47, probability = 0.98
box heights are 1s






coevally.  Foliations and hornblende mineral lineations in the amphibolite are folded 
about the isoclinal folds (Fig. 16).  However, the fabric within the amphibolites that 
is folded does not show clear sense-of-shear indicators, such as those developed in 
the migmatitic quartzofeldspathic and pelitic gneisses; these relationships suggest 
that the folds apparently deform the top-SW migmatitic fabric.  
Figure 13: Field photograph of leucogranite intrusions in lower Monarch Canyon. Paleocene 
leucogranite dikes cross cut the folded Late Cretaceous pegmatitic muscovite granite sills 




























Mean = 68.10±0.32  [0.47%]  95% conf.
Wtd by data-pt errs only, 1 of 28 rej.
MSWD = 1.4, probability = 0.069
box heights are 1s
Figure 14: U-Pb zircon weighted average ages for sample MW13FM-1. Blue bar 
represents rejected point. 













Mean = 57.20±0.90  [1.6%]  95% conf.
Wtd by data-pt errs only, 0 of 25 rej.
MSWD = 0.17, probability = 1.000




Figure 16: Lineations below the MSSZ. A) Lower hemisphere equal-area stereonet 
showing hornblende lineations on the limbs of an isoclinally folded amphibolite. Blue - 
lower limb measurements, red = upper limb measurements. B) Example of lineations 
























The ~61 Ma leucogranitic dike does not display any deformational fabric 
relating to the top-SW shear. The petrographic analysis does show some evidence of 
dynamic recrystallization occurring at low-medium temperatures of deformation, 
however there is no constraint on what deformation event this relates to. The lack of 
any macroscopic foliation in sample KSFM12-6 and its cross-cutting relationship 
shows that the top-SW shearing event had ceased by 61 Ma. The cross-cutting, non-
deformed sample MW12FM-9 from lower Monarch Canyon clearly post-dates the 
top-SW deformation and folding, giving an upper age of ~57 Ma for the termination 
of top-SW deformation in the Funeral Mountains. 
1.82 to 1.66 Ga ages of inherited cores are consistent with ages from the 
Proterozoic crystalline basement in the region.  However, they are also consistent 









40Ar/39Ar dating is a more refined version of K/Ar dating. Both measure 40Ar 
as the daughter isotope, but take different approaches to measuring the parent 
isotope. In K/Ar dating, 40K is the parent isotope, while in 40Ar/39Ar dating the 
isotope 39Ar is used as a proxy for 40K. In the 40Ar/39Ar method, 39Ar produced from 
39K by a fast neutron reaction is used as a substitution for potassium, since the 
relative abundances of potassium isotopes are known (e.g., McDougall and Harrison, 
1999; Dickin, 2005). 
The 40Ar/39Ar technique is used to date the time when the analyzed mineral 
cooled through its closure temperature. The closure temperature for muscovite has 
been reevaluated by Harrison et al. (2009) using Ar diffusion experiments to better 
constrain the diffusion parameters of muscovite. These experiments revealed a 
greater retentivity of argon in muscovite than previous estimates, which correlate to 
a higher closure temperature (Tc > 400°C) than previously assumed (i.e. Tc = 350° C, 
McDougall and Harrison, 1999).  For this study, grain sizes from 180-250 μm were 
analyzed. The closure temperature (Tc  in K) for muscovite was calculated using the 


















where E is activation energy (kcal/mol), R is the gas constant (kcal/mol-K), A is the 
diffusional anisotropy parameter (geometry; cm2/s), D0 is the frequency factor, a is 
the grain side radius (cm), and dT/dt is the cooling rate (deg/sec). Using the 
Arrhenius parameters outlined in Harrison et al. (2009) (E = 63 ± 7 kcal/mol; D0 = 
2.3 cm2/s; spherical geometry A=55), muscovite grain sizes from this study of 180-
250 μm (a = 90-125 μm), and a range of cooling rates from 10-30° C/m.y. (3.17098e-
13 – 9.51294e-13 deg/sec), we calculated a cooling temperature range of 420-446° C. 
Calculated results for the range of parameters used can be found in Appendix B. 
Samples for 40Ar/39Ar thermochronology were collected from muscovite-
bearing marbles and schists in two transects across the intracore shear zones (Fig. 
17). These transects were chosen to evaluate whether or not there are cooling age 
contrasts across the intracore shear zones that would help to constrain their age 
and magnitude of slip, and to investigate their roles in the overall exhumation of the 
FMMCC. This is best accomplished in the Chloride Cliff region of the northern 
Funeral Mountains, where several of the intracore shear zones are present in close 
proximity to each other. Previous muscovite 40Ar/39Ar thermochronology done 
below the Johnnie Formation in the Monarch Canyon region yielded Eocene to 
Oligocene ages (Applegate, 1994; Beyene, 2011). In conjunction with the increase in 
structural burial to the northwest, we chose to collect our 40Ar/39Ar transects closer 
to the Chloride Cliff region, in an attempt to pick up any Late Cretaceous cooling 
signature.  The muscovite thermochronometer was chosen as it has successfully 
been used in the Funeral Mountains in the past (e.g., Applegate, 1994; Beyene, 2011; 




Figure 17: Sample map for argon muscovite thermochronology samples. Sample prefixes 
omitted for better map clarity. Inset map shows location of sample area within the 


























typically displayed problems with excess argon (Dewitt et al., 1988), although 
Hoisch and Simpson (1993) and Applegate (1994) have had limited success with 
these thermochronometers. 
 Samples were crushed using standard practices, then sieved for relatively 
coarse grain sizes (180-250 µm). Separates were purified using the paper shaking 
technique and the Frantz magnetic separator, then hand-picked to achieve 
muscovite separates of >99% purity. The final separate was washed with acetone, 
then reverse osmosis water in an ultrasonic bath. 
 Samples underwent irradiation at the U.S. Geological Survey TRIGA Reactor 
in Denver, CO for 20 hours in the In-Core Irradiation Tube (ICIT) of the 1 MW TRIGA 
type reactor.  After irradiation, samples were analyzed at the Nevada Isotope 
Geochronology Laboratory (NIGL) at the University of Nevada Las Vegas, using the 
step-heating method. Included with the mineral separates were synthetic K-glass 
and optical grade CaF2 fragments to monitor the neutron-induced argon isotopes 
produced by K and Ca, and GA-1550 biotite to monitor the neutron flux (i.e. to 
determine the J factor). Analysis of the K-glass and CaF2 yielded Ca correction 
factors of (36Ar/37Ar)Ca= 2.47 (± 10.38%) x 10-4,  (39Ar/37Ar)Ca= 7.61 (± 12.08%) x 
10-4,  and a measured (40Ar/39Ar)K value of  9.3 (± 74.72%) x 10-3.  J factors were 
determined by fusion of 4-8 crystals of GA-1550 biotite, which gave a 
reproducibility of 0.4% to 0.9% at each standard position. Variation in neutron 
fluence along the 100mm length of the irradiation tubes was <4%. 
 The irradiated mineral separates, K-glass, CaF2, and GA-1150 biotite flux 




20 W CO2 laser. Similar to the Staudacher et al. (1978) design, samples were 
analyzed by the furnace step heating method using a double vacuum resistance 
furnace. Three GP-50 SAES getters removed any reactive gases prior to admittance 
to the MAP 215-50 mass spectrometer. A Balzers electron multiplier measured peak 
intensities by peak hopping through 7 cycles, with initial peak heights determined 
by linear regression when the gas was admitted to the mass spectrometer. Repeated 
analysis of atmospheric argon aliquots was used to monitor the sensitivity and 
discrimination of the mass spectrometer. The measured 40Ar/36Ar ratio was 278.41 
± 0.44%, and a discrimination correction of 1.0614 (4 AMU) was applied to the 
measured ratios.  Measured 40Ar/36Ar ratios were 278.41  0.44% during this work, 
thus a discrimination correction of 1.0614 (4 AMU) was applied to measured 
isotope ratios.  The sensitivity of the mass spectrometer was ~6 x 10-17 mol mV-1 
with the multiplier operated at a gain of 36 over the Faraday. Line blanks averaged 
7.0 mV for mass 40 and 0.05 mV for mass 36 for laser fusion analyses and 9.54 mV 
for mass 40 and 0.04 mV for mass 36 for furnace heating analyses. An age of 98.50 ±  
0.80 Ma (Spell and McDougall, 2003) for the GA-1550 biotite fluence monitor 
standard was used in calculating the sample ages. 
 Plateau ages for 40Ar/39Ar analyses are defined as three or more consecutive 
gas fractions with ages overlapping with a 2σ analytical error, and with typically 
>50% of the total gas released (e.g., Dalrymple and Lanphere, 1974). Isochron plots 
of the muscovite data were not useful due to their highly radiogenic nature, and thus 
cannot be used for age determination or to evaluate the excess argon component.  





 Sample MW13FM-15 is from a strongly foliated pelitic calc-schist of the 
Neoproterozoic Johnnie Formation. Muscovite from this sample has a total gas age 
of 86.36 ± 0.27 Ma, and yields a plateau age from steps 9-14 (53% of 39Ar released) 
of 86.00 ± 0.57 Ma (Fig. 18a). 
 Sample MW13FM-12 is from the orange-weathered, sandy calcite marble of 
the Noonday Dolomite. Muscovite from this sample has a total gas age of 76.75 ± 
0.24 Ma, and yields a plateau age from steps 6-13 (65.7% of 39Ar released) of 77.62 
± 0.46 Ma (Fig. 18b). 
 Samples MW13FM-11 and MW12FM-1 are strongly foliated samples from the 
pelitic calc-schist matrix of diamictite of the Neoproterozoic Kingston Peak 
Formation. MW13FM-11 is from the southern transect, while MW12FM-1 is from 
the northern transect just east of Chloride Cliff (Fig. 17). MW13FM-11 has a total gas 
age of 80.16 ± 0.24 Ma, and yields a plateau age from steps 7-13 (61% of 39Ar 
released) of 78.04 ± 0.36 Ma (Fig. 18c). MW12FM-1 has a total gas age of 76.11 ± 
0.29 Ma, and yields a plateau age from steps 13-15 (58% of 39Ar is released) of 76.65 
± 0.84 Ma (Fig. 18d). This sample was unusually retentive for muscovite, degassing 
late in the heating schedule shown by a large amount of degassing at step 15 
(1150°C). However, this should have little effect on the determined age of the 
muscovite, thus the plateau age of 76.65 ± 0.84 Ma is still quantitatively valid.  
 KSFM13-16 is from a light gray, calcite marble of the Neoproterozoic Beck 
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KSFM13-16
Beck A
Plateau age = 67.36 ± 0.45 Ma
81% of the 39Ar released
Steps 9 through 15 out of 16
Figure 18: Age spectra for muscovite 40Ar/39Ar thermochronology. Steps used for 
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 40Ar/39Ar thermochronology has been widely used to constrain the cooling 
history of metamorphic terranes. In the Funeral Mountains, the muscovite 40Ar/39Ar  
thermochronometer has been successfully utilized, and there has been limited 
success with the potassium feldspar, hornblende, and biotite thermochronometers, 
mostly due to problems with excess argon (e.g., Applegate, 1994; Applegate and 
Hodges, 1993; DeWitt, 1988; Hoisch and Simpson, 1993).  
 The samples used for this study were collected in two transects across the 
intracore shear zones in an attempt to identify any major discordances in cooling 
age across these structures, which in turn could be used to evaluate the timing that a 
particular shear zone was active.  40Ar/39Ar samples from the Chloride Cliff region 
are at equivalent stratigraphic levels as the corresponding units in Monarch Canyon, 
however were at shallower structural levels during the Late Cretaceous and 
Miocene due to the northwest tilt of the crustal section (e.g., Hoisch and Simpson, 
1993).  40Ar/39Ar thermochronology done near Chloride Cliff helps us put dates on 
the Cretaceous history, which cannot be achieved in Monarch Canyon due to fact 
that rocks there were deeper, and thus at a higher temperature, than those at 
Chloride Cliff during the Cretaceous.  Our data shows evidence for exhumation by 
some higher structure in the Late Cretaceous, as the metamorphic rocks we sampled 




compared with data from previous studies, our data helps to better constrain the 
initiation of Late Cretaceous exhumation in the Funeral Mountains metamorphic 
core complex.  
 The new muscovite cooling ages  (Fig. 19, red circles), when plotted together 
with previously determined muscovite cooling ages (Applegate, 1994; Beyene, 
2011) on a plot of age versus distance parallel to slip along the Boundary Canyon 
detachment, help to better constrain a change in the spatial cooling age gradient. 
Beyene (2008) interpreted this graph to show slow exhumation by erosion from 
152-90 Ma, followed by more rapid exhumation by movement along the precursor 
to the BCD at ~90 Ma. Our data help constrain this prominent break in the slope 
between slow cooling and more rapid cooling at ~80 Ma. Our data, and those we 
compared to in this study, are summarized in table 2.  
 Thermobarometry data from the Kingston Peak Formation and the Johnnie 
Formation near Chloride Cliff help to constrain the amount of cooling that had 
occurred prior to the muscovite cooling ages. Hoisch et al. (2014) recorded 
temperatures of ~525° C in the Johnnie Formation at Indian Pass near our southern 
40Ar/39Ar transect. Using the garnet Lu-Hf age of 158.2 ± 2.6 Ma from Hoisch et al. 
(2014) as the timing of peak metamorphism in the Indian Pass area, the 
thermobarametry correlates to cooling rates prior to exhumation recorded by our 
muscovite cooling ages in the Late Cretaceous of 1.32° C/Ma near our southern 
40Ar/39Ar thermochronology transect.  
 While our data do not unequivocally support extension along the intracore 


















Distance parallel to slip on BCD (km)






Figure 19: 40Ar/39Ar muscovite age versus distance plots, grouped by author. (A) shows just 
the data, (B) shows interpretation of the data. The prominent break in slope around 80 Ma 
marks the onset of more rapid exhumation, interpreted as the initiation of Late Cretaceous 
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Unit Author Notes 
FM-19 19.5 146 SQ Beyene  




15.5 114 SQ Beyene  
MB07FM-14 12 91 SQ Beyene  
FM-16 20.1 120 JF Beyene Just below fault 
FM-18 19 153 JF Beyene  
MW13FM-15 11.7 86 JF This study  
MB07FM-36 9.2 75 JF Beyene calcmylonite 
MB07FM-39 7 79 JF Beyene calcmylonite 
FM-40, FM-41 5.4 67 JF Beyene  
CC-19 3.5 63 JF Applegate  
MB09FM-4 2.5 83 JF Beyene  
MB07FM-44 0.5 71 JF Beyene  
MW13FM-12 10.8 77.6 ND This study  
MW13FM-11 10.2 78 KP This study  
MW13FM-1 9.5 76.6 KP This study  
MB09FM-1 5.5 65 KP Beyene  
MB07FM-42 4 30 KP Beyene Fine-grain marble 
KWFM13-16 8.75 67 BS This study  
FM-35 8 53 BS Beyene  
MB07FM-3 5.7 43 BS Beyene  
MB19FM-11 3.8 44 BS Beyene Coarse-grain marble 
628-3 4.2 47 Cs Applegate  
22-1 3.75 57 CS Applegate  
MB09FM-6 2.9 36 CS Beyene  
MB09FM-7 2 47 CS Beyene  
620-2 3 17 CS Applegate Biotite granite dike; 
below MSSZ 
Notes: BS – Beck Spring Dolomite; CS – Crystal Spring Formation; JF – Johnnie 
Formation; KP – Kingston Peak Formation; SQ – Stirling Quartzite. Referenced 
studies are Beyene (2011) and Applegate (1994). 
 
zones that raise the possibility of real age discordances across the faults. Across the 
MCSZ, our ages show a break of 8 m.y. (from 86 Ma in the Johnnie Formation above 
to 78 Ma in the Kingston Peak Formation below). When the cooling ages are 




(Fig. 20), a few patterns appear that may support extension and exhumation along 
the intracore shear zones. For example, within the ESZ-MCSZ tectonostratigraphic 
block (Johnnie Formation), cooling ages are grouped from 63-80 Ma, with no major 
trend of younging towards the northwest. This tectonostratigraphic block appears 
to have been exhumed in the Late Cretaceous – earliest Tertiary, without much 
variation in cooling ages from Chloride Cliff to Monarch Canyon. This suggests that 
the Eastern shear zone or a precursor to the Boundary Canyon detachment may be 
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Figure 20: 40Ar/39Ar muscovite age versus distance plot, grouped by tectonostratigraphic 
block. ESZ - Eastern shear zone; MCSZ - Monarch Canyon shear zone; CCSZ - Chloride Cliff 
shear zone; MSSZ - Monarch Spring shear zone; BCD - Boundary Canyon detachment. 
Corresponding units are as follows: Above ESZ – Stirling Quartzite; ESZ-MCSZ – Johnnie 
Formation; MCSZ – developed within the Noonday Dolomite; MCSZ-CCSZ – Kingston Peak 
Formation; CCSZ-MSSZ – Beck Springs Dolomite and Crystal Spring Formation; Below MSSZ 




block (Beck Spring Dolomite and Crystal Spring Formation) appears to have been 
dominantly exhumed in the latest Paleocene to Eocene, which may be evidence for a 
previously unrecognized deformational even during this time; however, cooling 
ages in this tectonostratigraphic block show more of an influence from the overall   
pattern of ages decreasing towards the northwest than the ESZ-MCSZ 
tectonostratigraphic block does. Below the MSSZ, rocks are exhumed beginning at 
~17 Ma, potentially showing some precursory exhumation prior to initiation of the 
BCD at ~11 Ma. 
 We interpret the inflection in cooling ages as the timing of a change in rate of 
exhumation in the northern Funeral Mountains, which began around ~80 Ma.  The 
data do not unequivocally support extensional motion along the intracore shear 
zones as accommodating the recorded Late Cretaceous cooling and inferred 
exhumation, as there are not any major discordances in age identified across any of 
the shear zones, only minor ones (Fig. 17). As our samples from the Johnnie 
Formation along the northern transect and from the Stirling Quartzite from the 
southern transect did not yield muscovite, we were unable to address the presence 
or absence of cooling discordances across the Eastern shear zone. More samples 
have been collected, which may provide additional and perhaps more concrete 
constraints on the timing of the intracore shear zones. In particular, the Eastern 
shear zone (Fig. 4) seems to be a major structure, and has the most potential to 
show this cooling age discordance; another potential structure is a precursor to the 





 PETROGRAPHIC AND ELECTRON BACKSCATTER DIFFRACTION ANALYSES OF 
DEFORMATION MECHANISMS 
 
Theoretical Background of Deformation Mechanisms 
Deformation mechanisms are the grain-scale processes by which minerals 
and rocks deform, which involve many factors including mineralogy, composition of 
intragrain fluid, grain size, lattice-preferred orientations, and external factors of 
temperature, lithostatic pressure, differential stress, fluid pressure, and externally 
controlled strain rate (Passchier and Trouw, 2005). The deformation mechanisms 
are broadly split into brittle and plastic categories. Brittle deformation mechanisms 
occur at low temperature or high strain rate, and involve brittle fracturing and 
cataclasis (Passchier and Trouw, 2005). Plastic deformation at elevated 
temperatures is accommodated by the motion of crystal defects; the associated 
distortion is called crystal plasticity (Van der Pluijm and Marshak, 2004). Crystal 
plastic deformation is most commonly accommodated by dislocation or diffusion 
creep deformation mechanisms. In rocks that have an intergranular fluid, 
dissolution-precipitation (pressure solution) becomes an important deformation 
mechanism, and is important at low to intermediate grade conditions. Dissolution 
tends to be localized where stress is high (generally where grain boundaries are at a 
high angle to the instantaneous shortening direction; Passchier and Trouw, 2005), 
and precipitation occurs in areas of lower stress. 
Diffusion creep, or grain-size sensitive creep, occurs at low strain rate or very 




from areas of low compressive stress to those of high compressive stress. There are 
two basic types of diffusion creep: Coble creep, which is the diffusion of vacancies in 
a crystal lattice along grain boundaries, and Nabarro-Herring creep, in which 
diffusion is through the crystal lattice (Passchier and Trouw, 2005).  Diffusion creep 
tends to favor smaller grain sizes, since the smaller grain sizes will have a shorter 
diffusion path for the defect to travel and have larger surface area to volume ratios 
(Passchier and Trouw, 2005). Diffusion creep is also accommodated by grain-
boundary sliding, which results in a random LPO due to the variation in grain size 
and curvature along grain boundaries (Mehl and Gleason, 2008). 
Dislocation creep, or grain-size insensitive creep, occurs at intermediate 
stress and temperature (Ji et al., 2003). Dislocation creep is accommodated by climb 
and glide of dislocations, the rate of which is controlled by the rate that the 
dislocations can climb (e.g., Hirth et al., 2001; Ji et al., 2003). Dislocation creep is 
associated with the generation of a strong LPO pattern, and is accommodated by 
dynamic recrystallization. Dynamic recrystallization is the result of two end-
member processes: (1) The formation and rotation of subgrains (rotation 
recrystallization) and (2) grain-boundary migration (migration recrystallization) 
(Guillopé and Poirer, 1979; Urai et al., 1986; Drury and Urai, 1990). Hirth and Tullis 
(1992) identified three dislocation creep regimes from deformation experiments of 
quartz, in which the dominant regime is controlled by temperature, strain rate, and 
stress. In each of these regimes, a suite of microstructures are produced that can 




At lower temperatures or higher strain rate, Regime I is dominant and 
produces patchy undulose extinction and fine recrystallized grains, with no subgrain 
development. In this regime, also known as grain-boundary bulging, the grain 
boundary of a grain with a lower dislocation density will migrate into the grain with 
a higher dislocation density, and bulges will nucleate at the original grain boundary 
(Urai et al., 1986). Dislocation climb cannot accommodate recovery in this lower 
temperature regime (Stipp et al., 2002b), as high densities of tangled dislocations 
coupled with the lack of subgrain development suggest that the rate of recovery by 
dislocation climb is less than the rate of dislocation production (Hirth and Tullis, 
1992), resulting in strain hardening. Grain boundary migration is the dominant 
mechanism for dynamic recrystallization in Regime I. 
Regime II occurs at increased temperatures or decreased strain rates. Here, 
the rate of dislocation climb is rapid enough to accommodate recovery. There are 
visible subgrain boundaries, sweeping undulose extinction, deformation lamellae, 
and the original grains are flattened. Core and mantle microstructures are common 
in this regime. Subgrain rotation (rotation recrystallization) is the dominant 
mechanism of recrystallization in this regime (Guillopé and Poirer, 1979; Hirth and 
Tullis, 1992).  
 At even higher temperatures or decreased strain rates, Regime III is 
dominant, characterized by both subgrain rotation (rotation recrystallization) and 
grain boundary migration (migration recrystallization). Dislocation climb is rapid 
enough to accommodate recovery, and there is an increased rate of grain-boundary 




microstructures include core and mantle structures, subgrains that are significantly 
larger than those of Regime II, and irregular grain shapes. 
 Figure 21 summarizes the relationship between the experimental findings of 
Hirth and Tullis (1992) and the natural dynamic recrystallization mechanisms of 
Stipp et al. (2002b) from the Eastern Tonale mylonite zone. Stipp et al. (2002b) 
separate the dynamic recrystallization regimes into bulging (BLG I and II), subgrain 




Figure 21: Graph showing the relation between quartz dynamic recrystallization regimes in 




 In BLG, Stipp et al. (2002b) estimate a deformation temperature range of 
250–400° C. In this regime, recrystallization occurs along triple junctions, with 
finely serrated grain boundaries, undulatory extinction, and fractured clasts (BLG I). 
At higher temperatures/lower strain rate in the BLG regime (BLG II), porphyroclasts 
are surrounded by recrystallized grains, rather than recrystallization constrained to 
triple junctions. Grains show a pronounced elongation, with grain size reduction and 
deformation lamellae present. Core and mantle structures may be present, but are 
also present in SGR. 
 In SGR, the estimated temperature range is 400-500° C. Rather than 
elongated grains, there are elongate ribbons with a higher percentage of the ribbon 
grains recrystallized and consumed by polygonization. Grain size and shape is more 
consistent, and grain-size reduction is prevalent.  Oblique grain-shape fabrics are 
common. Where SGR is the dominant mechanism, parent subgrains and 
recrystallized daughter grains are roughly the same size (Halfpenny et al., 2012). 
 In GBM, the temperature range is estimated from 500-700° C. Grain shapes 
become more irregular, with weakly sutured (irregular boundaries or interfingering 
of boundaries) grain boundaries and amoeboid shapes. Within the sample there 
may be a broad grain size distribution, and there is an increase in grain size from 
SGR. Development of an oblique grain-shape fabric is common during GBM (Hirth et 
al., 2001). With very high temperatures, annealing features are prominent, grain 







 Petrographic microstructural analysis was completed on samples from the 
northern Funeral Mountains in the Monarch Canyon region (Fig. 22) in order to 
identify deformation microfabrics, determine dominant deformation mechanisms 
and thus estimate temperature conditions of deformation.  It has been noted that 
lineations and foliations developed during Miocene deformation are apparently 
parallel to Late Cretaceous lineations and foliations, and that both deformational 
events show the same kinematics of top-NW shear (Applegate et al., 1992; Hoisch 
and Simpson, 1993; Applegate and Hodges, 1995). The working hypothesis is that 










that the temperature of deformation can be a potentially useful criterion to 
distinguish Cretaceous from Miocene deformation. Samples were taken from LS 
tectonites, or rocks that display a clear lineation and foliation (e.g., Passchier and 
Trouw, 2005) and were oriented in the field before removal from the outcrop. 
Billets for thin section were cut normal to foliation and parallel to lineation (in the 
XZ plane of the finite strain ellipsoid, Fig. 23). 
 To support the petrographic microstructural analyses, electron backscatter 
diffraction (EBSD) was completed as a quantitative method to provide 
microstructural information about the crystallographic nature of our samples. 
Quartzites and quartz-rich gneissic mylonites were collected in a transect from the 
Boundary Canyon fault, structurally downward to the migmatitic rocks beneath the 
Monarch Spring fault within the vicinity of Monarch Canyon.  Selected samples were 
analyzed by EBSD in order to: (1) measure lattice-preferred orientations (LPOs) and 
in turn identify the active slip systems during dynamic recrystallization and the 
dislocation creep regimes. While only one deformation mechanism will dominate 
the rheology, several may operate at any given time (Prior et al., 1999); and (2) 
determine the shape, distribution, and nature of grain and subgrain boundaries, 
which help to confirm the dynamic recrystallization regimes previously identified in 
our petrographic microstructural analysis. 
 EBSD analysis provides orientation data from which we can infer the 
dominant slip systems in a mineral. Since the active slip systems in quartz have a 
temperature dependence (Fig. 24) (e.g., Hirth and Tullis, 1992; Mainprice et al., 




Figure 24: Quartz LPO patterns for [c] and <a> axes for non-coaxial deformation. A) 
Simplified plots showing quartz LPO patterns with increasing temperature. C-axes are dark 
grey and a-axes are striped. Modified from Passchier and Trouw (2005). B) Correlation of 
c-axis peaks and active slip systems in quartz. X is the direction of lineation, and y is 










deformation mechanisms and the corresponding deformation temperature. A 
secondary use of EBSD analysis involves looking at the asymmetry of the c-, a-, and 
m- axis patterns with respect to the foliation and lineation of the sample, which can 
be used for shear sense analysis (Lister and Hobbs, 1980; Law, 1990). 
 EBSD analysis was conducted at the University of Nevada Las Vegas in the 
Electron Microanalysis & Imaging Laboratory (EMIL) with the Oxford Instruments 
Nordlys II EBSD detector installed on a JEOL JSM-6700F field emission scanning 
electron microscope (FESEM). Setup consists of a charge-coupled device (CCD) 
camera that images a phosphor screen, an electron beam source, and the sample 
stage (Fig. 25). The ultra-polished and carbon-coated sample is set to maintain a 20° 








sample face and the electron beam. When the sample is bombarded by the electron 
beam, electrons are diffracted at specific angles when they hit an ordered crystal 
lattice. Each lattice plane generates a unique pattern on the phosphor screen, called 
Kikuchi diffraction patterns (Fig. 26). These Kikuchi diffraction patterns consist of 
sets of Kikuchi bands that correspond to distinct crystallographic planes. The 
intersection of these Kikuchi bands define a zone axis. Major zone axes are 
recognized by the intersections of several bands. Kikuchi diffraction patterns reflect 
the symmetry of the mineral producing the pattern.  
 After the camera captures the Kikuchi bands on the phosphor screen, the 
patterns are then indexed by comparing the data obtained with stored patterns in 
the software. Our analyses were done using automatic indexing with a step size of 3-
4 µm, chosen so that there were a minimum of 10 points, or pixels, per 








deviation (MAD) above 1.3°. Non-indexed points include grain boundaries, 
secondary phases, and cracks and pits in the sample surface. Raw data indexed at 
between 67-90%, which includes non-indexed phases such as muscovites, which 
were not pertinent to this study and thus were not indexed. For solely quartz 
indexing, this is closer to 80-90%. 
 Post-processing was done using CHANNEL5 software and included noise 
reduction where wild spikes were removed, as well as addressing unindexed pixels. 
This extrapolation of zero solutions involves examining the nearest neighbors and 
using an interpolation of the neighboring orientations to fill the non-indexed pixel; 
the extent of this is controlled by the number of neighboring pixels and the number 
of iterations applied. We used an 8 neighbor algorithm with automatic iterations, 
followed by 7 neighbors. Pole figures were also created using CHANNEL5 software. 
 
Fabric Opening angle 
 Deformation temperature can be estimated by measuring the opening angle 
of quartz c-axis LPO patterns (e.g., Kruhl, 1998; Law et al., 2004; Morgan and Law, 
2004).  The fabric opening angle is defined as the angle between the c-axis girdles, 
measured in the plane perpendicular to foliation and parallel to lineation (the XZ 
plane)(Fig. 27a), and can be used to detect a change in the dominant slip system 
(mostly basal <a> versus prism <c> slip) (Lister, 1981; Kruhl, 1998). In plastic 
deformation and dynamic recrystallization, the opening angle of quartz c-axis 
fabrics will increase with increasing temperature of deformation, increasing amount 




Thigpen et al., 2010), as shown in numerical simulation (e.g., Lister and Hobbs, 
1980) and experimental studies (e.g., Tullis et al., 1973)(Fig. 27b). Kruhl (1998) 
demonstrated that the increase in opening angle with increasing temperature is 
linear, and can be used as an empirical thermometer to access the deformation 
temperatures, with an uncertainty of ± 50° C (Fig. 27c). Utilizing the fabric opening 
angle as a deformation thermometer requires working under an assumption of 
average geologic strain rates and hydrolytic conditions (Thigpen et al., 2010; Law, 
2014); however, the range of strain rates and amounts of hydrolytic weakening that 
will likely be encountered are less important than the effects of temperature in 
dictating the amount of [c] versus <a> slip in quartz (Morgan and Law, 2004). Since 
deformation temperature is a dominant control on the fabric opening angle, as well 
as the dominant slip system in a mineral and the mechanism of dynamic 
recrystallization, this makes the fabric opening angle a complimentary semi-
quantitative method to utilize for constraining deformation temperature in the 
quartzites and quartz-rich rocks of the Funeral Mountains metamorphic core 
complex. 
 
Results and Interpretations 
 EBSD was completed on quartzites and quartz-rich rocks from the Monarch 
Canyon region in a transect from the shallowest to deepest structural levels. 
Deformation temperature is assigned based on the determination of the active slip 
system in quartz (Passchier and Trouw, 2005; Langille et al., 2010), and fabric 





Figure 27: Fabric opening angle versus deformation temperature graph. A) Example of a 
cross-girdle c-axis fabric and the associated opening angle measurement, from Law (2014). 
B) Graph showing the influence of geologic strain rate (ė) and hydrologic weakening on the 
opening angle and associated deformation temperature in quartz-rich rocks, from Law 
(2014). (C) Graph showing the linear relationship between c-axis fabric opening angle and 
deformation temperature in naturally deformed quartz-rich rocks.  Best-fit linear 
relationship shown by dashed line; ±50° C uncertainty (Kruhl, 1998) indicated by width of 
gray box. Small dashed lines show the approximate deformation temperature and related 
opening angle for the dynamic recrystallization regimes of Stipp et al. (2002b). Graph 





2014). Previously collected EBSD results from upper Monarch Canyon (Wells, 
unpublished) add to the data in this study, denoted here by “MC10-x”.  
 Petrographic microstructural analysis of the EBSD samples compliment the 
EBSD results, and allow us to assign the samples to the dynamic recrystallization 
regimes for quartz that have been described from experimental analyses of 
quartzites (Hirth and Tullis, 1992) and study of naturally deformed quartz-rich 
rocks (Stipp et al. , 2002b). We refer to the experimental work of Hirth and Tullis 
(1992) and the study of naturally-deformed samples by Stipp et al. (2002a,b).  
Recognition of dynamic recrystallization mechanisms and regimes through 
microstructural study allows us to provide additional constraints on deformation 
temperature, assuming average geological strain rates.  
Combining the temperature constraints from the EBSD slip system analyses 
(Passchier and Trouw, 2005; Langille et al., 2010), fabric opening angle (Morgan and 
Law, 2004; Law et al., 2004; Law, 2014), and petrographic analyses leads to 
determination of the dynamic recrystallization regime (Hirth an Tullis, 1992; Stipp 
et al., 2002b), and thus allows us to constrain the deformation temperature of each 
sample from the Funeral Mountains metamorphic core complex. The results of each 
type of microstructural analysis are summarized in table 3, and the determinations 
of deformation temperature from each type of analysis are summarized in table 4.  
The structurally shallowest sample, MC10-4, is a quartzite from the Kingston 
Peak Formation in upper Monarch Canyon, and displays a type I cross-girdle 
indicative of mixed <a> (basal, rhomb, and prism <a>) slip (Fig. 28a) and a 




angle of ~57° (Fig. 28h), indicating a deformation temperature of 433° ± 50° C. 
Petrographically, this sample displays an oblique grain-shape fabric defined by 
recrystallized grains, and quartz ribbons with well-developed subgrains (Fig. 29a). 
The new grains surrounding the quartz ribbons have irregular shapes, and are 
generally the same size as the subgrains developed in the quartz ribbons. This 
sample shows evidence for SGR (Fig. 29a,b), which corresponds to deformation 
temperature of 350-475° C. Consideration of all observations yields an estimated 
deformation temperature of 400-475° C.  
The next four samples are from the Crystal Spring Formation of upper 
Monarch Canyon, and all display y-axis maxima indicative of prism <a> slip and 
corresponds to temperatures of 450-600° C. The shallowest of these samples are 
MC10-7 and KSFM13-11 (Fig. 28b and 28c, respectively), quartzites located in close 
proximity to Indian Mine in upper Monarch Canyon. MC10-7 has an oblique grain-
shape fabric (Fig. 29c), and shows minor evidence for dissolution-precipitation. 
There are two distinct quartz grain sizes in this sample, the larger of which 
represents mostly recrystallized quartz ribbons with some subgrain development. 
New grains have irregular shapes, with many leftover grains present (Fig. 29d). 
MC10-7 shows evidence for mainly SGR and some GBM, and is placed in SGR-GBM1 
with a deformation temperature of 400-475° C. The preferred estimate for the 
deformation temperature of MC10-7, based on all observations, is 450-550° C. 
In addition to prism <a> slip, KSFM13-11 also displays some contribution of 
rhomb <a> slip, which expands the temperature range to 400-600° C; because of 




can be disputed, we interpret the fabric opening angle for this sample to be roughly 
70° (Fig. 28j) and a corresponding deformation temperature of 522° ± 50° C.  This 
sample has an oblique grain-shape fabric, with asymmetric porphyroclasts that 
show a top-NW shear sense (Fig. 29e,f). Grains have irregular shapes and sizes, and 
subgrains are present and are roughly the same size as the recrystallized 
components. This shows evidence for both SGR and GBM, and is placed at the SGR-
GBM transition with a deformation temperature of 475-550° C, which is equivalent 
to the final estimated deformation temperature.  
KSFM14-2 (Fig. 28d) is a high-strain quartzite from the Crystal Spring 
Formation in an unnamed canyon south-southeast of lower Monarch Canyon, herein 
informally referred to as “Rye Canyon”. Although mapped as Xmi (basement rock) 
by Wright and Troxel (1993), this canyon shows no evidence of the migmatitic rocks 
found below the MSSZ in the Monarch Canyon area, and therefore is interpreted to 
be in the tectonostratigraphic block above the MSSZ; thus, this sample may reside in 
similar structural levels as MC10-7 and KSFM13-11. KSFM14-2 has a larger grain 
size compared to the other samples (except for KSFM14-3, discussed below), and 
like the other samples has an oblique grain-shape fabric (Fig. 29g). Quartz ribbons 
show patchy undulose extinction and subgrains that are roughly the same size as 
new grains, indicative of SGR. There is also particularly good evidence for GBM, due 
to the presence of pinning microstructures and left-over grains (Fig. 29h). This 
sample is placed in SGR – GBM I, with a corresponding deformation temperature of 
400-550° C. The final preferred deformation temperature estimate for this sample is 




The structurally deepest of the samples displaying a y-axis maxima is 
KSFM14-1 (Fig. 28e), which is a high-strain quartzite from lower Monarch Canyon 
found either in or just above the MSSZ. Like sample KSFM13-11, this sample also 
shows some influence of rhomb <a> slip, and thus has deformation temperatures of 
400-600° C. KSFM14-1 displays extremely flattened grains and quartz ribbons with 
well-developed subgrains (Fig. 29i), and some development of deformation bands 
and core and mantle structures (Fig. 29j). Mica fish show a top-NW shear sense. This 
sample shows evidence for SGR, and is placed in SGR with a deformation 
temperature of 400-475° C, which is equivalent to the final estimated temperature 
of deformation. 
MC10-9 is a quartzite from the Crystal Spring Formation, found within the 
MSSZ in upper Monarch Canyon. This sample displays a type I cross-girdle that is 
indicative of mixed <a> slip (Fig. 28f) and temperatures of < 500° C. The fabric 
opening angle for this fabric is 65°, corresponding to a temperature of 488 ± 50° C 
(Fig. 28i). This sample shows subgrain development, but is mostly recrystallized 
with a relatively large grain size (Fig. 29k). Grain boundaries are straight to lobate 
(Fig. 29l). There are some pinning microstructures and left-over grains, and a 
weakly developed oblique grain shape fabric. This sample shows evidence for SGR 
and GBM, and is placed in SGR – GBM I with an equivalent deformation temperature 
of 400-550° C. The final combined deformation temperature is 438-500° C. 
Sample KSFM14-3 is found just below the MSSZ in upper Monarch Canyon, in 
the top-SW kinematic regime. This sample displays a very large grain size, which 




cannot be assigned a deformation temperature based on the active slip system. 
However, petrographic analysis of this sample shows a large number of left-over 
grains and extensive subgrain development, with some pinning microstructures 
present (Fig. 29m,n). Grain boundaries are straight to lobate. This sample has the 
largest grain size out of the entire sample suite, including especially large quartz 
ribbons, and shows evidence for SGR and especially GBM. This sample is placed in 
SGR – GBM I with a temperature range of 400-550° C; however, it is possible that 
this sample is exhibiting a lower temperature overprint from a later deformation 
event, recorded in the subgrain development within large quartz ribbons, in which 
case the initial deformation event recorded may be strictly constrained to GBM I and 
thus deformation temperatures of 500-550° C. 
The structurally deepest sample, MW13FM-21, is from a quartz vein in an 
ultramylonite found in lower Monarch Canyon below the MSSZ, and displays top-E 
shear sense. This sample displays a point maxima that is indicative of dominant 
basal <a> slip (Fig. 28g) and temperatures of 300-400° C. MW13FM-21 has a strong 
oblique grain-shape fabric and a relatively consistent but small grain size and lobate 
shape, excluding the quartz ribbons which are being consumed by polygonization 
forming core and mantle structures (Fig. 29o,p). Recrystallized grains and subgrains 
are approximately the same size. This sample shows evidence for BLG II – SGR and 
deformation temperatures of 350-475° C. The combined final temperature of 
deformation for this sample is 350-400° C. 
Misorientation data from EBSD analyses (excluding MC10-x samples and 

























Figure 28 A-G: Quartz LPO patterns for Funeral Mountain samples. Upper hemisphere stereonet 
plots for c- and a-axes shown. Contouring based on the mean uniform density (m.u.d.), for which 
the max value is indicated on each plot. Shown in order of increasing structural depth (MC10-4 is 







Figure 28 H-J: Quartz c-axis opening angle determination. Shown for the two samples with 
cross-girdles (H,I), and potential determination for KSFM13-11 (J), where the pattern may 

























Figure 29 A-H: Photomicrographs from Monarch Canyon. A-B) MC10-4 shows oblique 
grain-shape fabric (OGSF) and quartz ribbons with well-developed subgrains. 
Recrystallized grains have irregular shapes and are the same size as subgrains. C-D) 
MC10-7 shows OGSF and bimodal grain sizes. Detail in red box shows leftover grains and 
irregular grain shapes. E-F) KSFM13-11 shows OGSF with irregularly-shaped grains and 
delta porphyroclasts with top-NW shear sense. G-H) KSFM14-2 shows OGSF, undulatory 





Figure 29 I-P: Photomicrographs from Monarch Canyon, cont’d. I-J) KSFM14-1 shows extremely 
flattened grains, quartz ribbons with well-developed subgrains, deformation bands, and core and 
mantle structures. K-L) MC10-9 shows a weak OGSF and some subgrains, but is largely 
recrystallized. Grains are large with relatively straight boundaries. M-N) KFM14-3 shows left-
over grains, extensive subgrain development, and some pinning microstructures. This sample 
has the largest grain size. O-P) MW13FM-21 shows OGSF and consistent but small grain size with 





very low angle (between 1-10°), and a secondary peak at ~60° in all samples (Fig. 
30). The low-angle misorientations (low-angle boundaries) of 2-10° are indicative of 
subgrain boundaries (e.g., Trimby et al., 1999; Halfpenny et al., 2006), whereas the 
60° misorientations are indicative of Dauphiné twinning in quartz, which is a 2-fold 
axis (or 180°) rotation about the c-axis [0001]. 
Grain size analyses, based on the EBSD data, are shown in figure 31. The 
smallest grain size was found in sample KSFM14-1, where the majority of grains 
have an area of < 13 μm2. Following this, the next smallest grain size is found in 
MW13FM-21, with the majority of grains < 144 μm2. The largest grain size is found 
in KSFM14-2 where most grains have an area of <1088 μm2, followed by sample 
KSFM13-11 with most grain sizes < 400 μm2. It is important to note that grains 
smaller than the square of the step size cannot be measured in the grain size 
analyses. Grain size analysis was not completed on KSFM14-3, though it is 
important to note that the grain size of this sample is significantly larger than the 
four samples included in the analysis. The step size of this sample was 3.5 μm, yet 
EBSD analysis was only able to resolve <30 grains, as opposed to the next largest 
grain size (KSFM14-2) with a step size of 6 μm and n=524. Average grain size for 
KSFM14-3 based on the EBSD map (Appendix C) is estimated to be roughly 3500 
μm2.  EBSD on the MC10-x sample suite was not collected on a regular, continuous 
grid, and thus grain size information could not be collected on these samples. 
As expected, our analyses show a general increase in deformation 
temperature with depth, with a few exceptions. Deformation temperatures appear 
















Dynamic recrystallization regime 
Td  (°C) Hirth & Tullis 
1992 
Stipp et al. 
2002 
 
MC10-4 Kingston Peak 
Mixed 
<a> 
Top NW 57° 
OGSF, QR, SG, irregular, 
SG>new 






Top NW - 
OGSF, DP, QR, some SG, 
irregular, LOG 

















OGSF, large grains, QR 














Top NW _ 
Flat, QR, SG, DB, CMS, 
very small grains 






Top NW 65° 
Large grains, some SG, 
weak OGSF, PM, LOG, 
consistent grain size 
 
Regime III 







_ Top SW _ 
Very large grains, SG, 
QR, LOG 









Top E - 
OGSF, lobate, QR, SG, 
CMS, consistent but 





BLG II - SGR 
 
350-400 
Notes: Samples are listed in order from the shallowest to deepest structural levels. For sample KSFM13-11, opening angle measurement is 
uncertain. Abbreviations: MSSZ – Monarch Spring shear zone; OGSF – oblique grain-shape fabric; QR – quartz ribbons; SG – subgrains; 
SG>new – subgrains are larger than new recrystallized grains; SG=new – subgrains are roughly the same size as new recrystallized grains; 
DP – dissolution-precipitation; LOG – left-over grains; PM – pinning microstructures; flat – flattened grains; irregular – irregular grain 




Table 4: Summary of deformation temperature determinations. 
Sample Td  Slip 
System 
Td  Opening 
Angle 
Td  Hirth & 
Tullis, 1992 
Td  Stipp et 
al., 2002b 
Td  Final 
MC10-4 < 500° 433° ± 50° int 400-475°  400-475° 
MC10-7 450-600° - Int 350-550° 450-550° 
KSFM13-11 400-600° 522° ± 50° ? Int- high 475-550° 475-550 
KSFM14-2 450-600° - Int-high 400-550° 450-550° 
KSFM14-1 400-600° - Int 400-475° 400-475° 
MC10-9 < 500° 488° ± 50° High 400-550° 438-500° 
KSFM14-3 - - High 400-550° 400-550° 
MW13FM-21 300-400° - Low-int 350-475°  350-400° 
Notes: Td – temperature of deformation. Slip system temperatures determined from 
Passchier and Trouw (2005) and Langille et al. (2010). Opening angle temperatures 
determined from Law et al. (2004), Morgan and Law (2004), and Law (2014). Final 
deformation temperature based on constrains from all analyses.  
 
 
Mine, although this apparent decrease in deformation temperature may be due to 
increased strain rates within the MSSZ. The only sample below the MSSZ, MW13FM-
21, has a very low deformation temperature (<400° C). This is likely due to 
overprint from a younger event, possibly related to final exhumation of the core 
complex during the Miocene. KSFM14-3 also shows a low-temperature overprint, 
revealed by the pervasive development of subgrains in large quartz ribbons at a low 


























Figure 30: Misorientation data from Funeral Mountain EBSD samples. Note peaks at 60°, 
which represent Dauphiné twins in quartz.  
 
Figure 31: Grain size histograms for each EBSD sample. Grain size determined by EBSD 







Distribution of muscovite cooling ages 
 Our muscovite 40Ar/39Ar thermochronology dataset is complimentary to 
earlier studies completed in the northern Funeral Mountains. Muscovite 40Ar/39Ar 
thermochronology completed in the immediate footwall of the BCD by Beyene 
(2011) helped establish a pattern of decreasing ages towards the northwest, which 
is consistent with a top-northwest motion during exhumation along the BCD, as well 
as an increase in structural burial towards the northwest.  Our new 40Ar/39Ar 
samples from the southeast of Chloride Cliff span the Chloride Cliff shear zone 
(CCSZ) and the Monarch Canyon shear zone (MCSZ).  
 In the Chloride Cliff region, the role of the intracore shear zones in the overall 
exhumation of the FMMCC is rather ambiguous with the available data. Beyene 
(2011) found a 16 Ma age break across the Eastern shear zone (ESZ), with a 91 Ma 
age in the Stirling Quartzite in the hanging wall of the ESZ, and a 77 Ma age in the 
Johnnie Formation in the footwall. However, our data adds an 86 Ma data point to 
the Johnnie Formation, making the observed age discordance of Beyene (2011) less 
significant and suggesting that the age differences relate solely to the 
northwestward decreasing age pattern – that is, the age differences are more 
reflective of position within the SE-NW age gradient (and metamorphic field 
gradient) rather than position within the structural stack of shear zones.  The two 




transport direction, whereas our 86 Ma sample and Beyene’s (2011) 91 Ma sample 
are in a transect roughly perpendicular to the transport direction (Fig. 32); this may 
circumvent any bias otherwise recorded by the overall trend of younger ages 
towards the northwest.  
 However, closer to Monarch Canyon in the northwest, the cooling ages 
appear to show a more unambiguous distribution. Cooling ages from Beyene (2011) 
appear to show an age break across the CCSZ, with footwall rocks recording Eocene 
to Oligocene ages (53 to 29 Ma), while the hanging wall rocks record cooling ages in 
the Late Cretaceous (71 to 83 Ma)(Fig. 32). This age discordance across the CCSZ 
suggests that extension was occurring along the CCSZ in the Eocene to Oligocene. 
 Additional data are needed to draw an unambiguous conclusion about the 
significance of the intracore shear zones in the northern Funeral Mountains. For 
example, there are few 40Ar/39Ar muscovite ages from the Stirling Quartzite. More 
data from the Johnnie Formation and Stirling Quartzite will allow for a better 
understanding of the timing and significance of the Eastern shear zone, which may 
be a major contributor to Late Cretaceous extensional exhumation. In general, more 
40Ar/39Ar muscovite thermochronology collected from samples along a transect that 
is perpendicular to the overall transport direction, in order to avoid any bias due to 
the SE-NW age gradient, would be useful in further constraining the timing of 
exhumation along specific structures within the FMMCC. Another transect of 
40Ar/39Ar muscovite thermochronology across the Monarch Spring shear zone may 
be useful in determining the timing of motion along this shear zone, although the 








Figure 32: Geologic map showing distribution of muscovite cooling ages. Green dots - this study; red dots - Beyene (2011); orange dot - 




Monarch Spring fault that overprints the shear zone.  In addition to 40Ar/39Ar 
muscovite thermochronology, other appropriate thermochronometers may help to 
better assess the thermal history of the structural packages between the intracore 
shear zones. It is also important to note that because most of these intracore shear 
zones are bedding parallel, there may not be any large age discordances across the 
structures. The exception is in the case of large magnitude, bedding-parallel 
displacement within an inclined stratigraphic section, where both age and 
metamorphic discordances would be expected across the structure. 
 
Coupling 40Ar/39Ar thermochronology with microstructural analyses 
 Muscovite argon thermochronology in the northern Funeral Mountains is 
important in determining cooling ages and timing of exhumation. When combined 
with the information obtained from our microstructural analyses, this provides us 
with a more firm interpretation of the timing of deformation and fabric 
development within the Funeral Mountains metamorphic core complex.  This is 
principally because the temperature conditions of dynamic recrystallization of the 
quartz-rich rocks studied, with few exceptions, are higher than the closure 
temperature of argon diffusion in muscovite. 
 EBSD sample MC10-4 is located in close proximity to several muscovite 
argon thermochronology samples of Beyene (2011)(Fig. 34); sample MB09FM-11 
(44 Ma) is a coarse-grained marble from upper Monarch Canyon, and MB07FM-42 
(30 Ma) is a structurally higher fine-grained marble mylonite. Beyene (2011) placed 




and Troxel (1993); however, we have since recognized a thicker section of the 
highly attenuated Kingston Peak Formation in upper Monarch Canyon than what 
Wright and Troxel (1993) mapped, as well as the presence of the Beck Spring 
Dolomite (in agreement with Applegate, 1994), and now place MB07FM-42 within 
the Kingston Peak Formation and MB09FM-11 within the lower Beck Spring 
Dolomite.  MC10-4 is a quartzite within the Kingston Peak Formation, and our 
microstructural work suggests a deformation temperature of 400-475° C (Table 3). 
By comparing the microstructurally-derived deformation temperatures with the 
closure temperature (Tc) for argon muscovite thermochronology (430° C), we can 
place some constraints on the timing of top-NW shearing. For MC10-4, this 
deformation must have occurred prior to or synchronous with cooling at 44 Ma, due 
to the overlap in the closure and deformation temperatures. EBSD and 
microstructure samples from deeper in the section at Monarch Canyon show similar 
to higher temperatures of deformation.  
Few 40Ar/39Ar data are available from the deeper crustal section of Monarch 
Canyon, however there are several K/Ar muscovite and biotite analyses available 
from Hoisch and Simpson (1993). One of these is sample CC-58, which gives a 
muscovite K/Ar age of 43.8 Ma. This sample is from either a deeper or similar 
crustal depth as our EBSD samples MC10-7 and KSFM13-11, all of which are above 
the Monarch Spring shear zone (MSSZ) in the top-NW kinematic regime. MC10-7 has 







Figure 33: Google Earth map showing proximity of EBSD samples to 40Ar/39Ar muscovite samples. MC10-4 (blue pin) is our EBSD sample; 




slightly deeper in the crustal section, has an inferred deformation temperature of 
475-550° C (Table 3). Comparing these EBSD samples to the muscovite K/Ar sample 
of Hoisch and Simpson (1993), we can conclude that the deformation causing the 
dynamic recrystallization in these samples must have occurred prior to 43.8 Ma, as 
their deformation temperatures are higher than the closure temperature of 
muscovite.  
Below the MSSZ in localized ultramylonite zone that records top-E shear, we 
have one EBSD sample (MW13FM-21) with a deformation temperature of <400° C 
(table 3). This sample records much lower deformation temperature than our other 
EBSD samples, and likely represents a younger phase of deformation. Hoisch and 
Simpson (1993) have one K/Ar muscovite age of 21 Ma from just below the MSSZ, 
and Applegate (1994) has one 40Ar/39Ar muscovite thermochronology age of 17 Ma, 
derived from a muscovite separate from the cross-cutting leucogranite dike in lower 
Monarch Canyon. This suggests that the deformation recorded in our EBSD sample 
MW13FM-21 is younger than 17 or 21 Ma, as the deformation temperatures are less 
than the closure temperature of muscovite for argon thermochronology. This 
supports our interpretation that this EBSD sample records a younger event, which 
may be related to the final exhumation of the Funeral Mountains metamorphic core 
complex.  
In order to better constrain the timing of deformation and fabric 
development in the FMMCC, more thermochronology and/or geochronology of 
syndeformational accessory phases is needed. If more argon muscovite 




Canyon, they could be compared to our microstructurally-determined deformation 
temperatures. Though the argon ages here would likely be very young, they would 
be helpful in further constraining this deformation, especially below the MSSZ 
where some deformation appears to be very young. Other minerals with higher 
closure temperatures could also be dated in Monarch Canyon, which would help to 
constrain the timing of fabric development even further.  40Ar/39Ar 
thermochronology of hornblende and biotite is a possibility, and although 
historically these systems in the Funeral Mountains are riddled with problems of 
excess argon, there has been limited success with these thermochronometers (e.g., 
DeWitt, 1988; Hoisch and Simpson, 1993; Applegate, 1994).  U-Pb dating of 
accessory phases including titanite and rutile hold promise. 
 
Orthogonal flow in a deep crustal section: Sequential or coeval? 
 We hypothesize that the Monarch Spring shear zone (MSSZ) represents, or is 
localized along, a zone of structural decoupling at an anatectic front. In order to test 
this hypothesis, it has to be demonstrated whether or not the orthogonal fabrics 
above and below the MSSZ developed coevally. If coeval, then some kind of 
decoupling at the interface between these two kinematic regimes is required. If 
these fabrics developed sequentially, then another hypothesis must be proposed. 
 
Review of kinematics 
 Above the MSSZ, rocks display top-NW kinematics (Fig. 34) in greenschist 




There are local areas, notably within the Kingston Peak Formation in the Chloride 
Cliff area (the MCSZ-CCSZ tectonostratigraphic block), which show top-SE shear. 
The top-SE shear is consistent with the transport direction during Sevier 
contraction, which is likely what formed these fabrics. Further work needs to be 
done to discern the distribution of the top-SE fabrics and why these fabrics were not 
overprinted with the younger top-NW fabric. 
 Below the MSSZ, the migmatitic paragneisses lack the greenschist to lower 
amphibolite facies top-NW fabrics, and instead display heterogeneous strain and a 
weak to moderately developed northwest-trending mineral lineation. Locally, there 
are strong fabric asymmetries indicative of top-SW shear (Fig. 34). 
 
Geochronologic/thermochronologic constraints 
 Our U-Pb geochronology in lower Monarch Canyon provides some 
constraints on the timing of top-SW fabric development below the MSSZ. Folded 
lineations located on isoclinally folded foliations in amphibolites indicate that the 
top-SW shear must have developed prior to folding. These folds are cut by 
undeformed leucogranite dikes, one of which is dated at 57 Ma (Fig. 34) – thus, the 
deformational event which formed these folds is over by 57 Ma at the latest. In 
upper Monarch Canyon, another leucogranite dike was dated at 61 Ma. This dike 
shows no internal fabric, and clearly cuts the top-SW mylonitic fabric of the 
surrounding rock. Thus, top-SW shear must have ceased by 61 Ma.  
 Constraints on the timing of top-NW kinematics are less clear. Our 40Ar/39Ar   




well to the top-NW kinematic regime that is apparent in the Monarch Canyon area, 
as the lower–grade rocks near Chloride Cliff do not display pervasive top-NW 
kinematics, but instead show top-SE shear (Kingston Peak Formation).  The 
Noonday Dolomite does display top-NW kinematics, however the conditions of  
deformation in this unit were not studied and are not well understood. While 
40Ar/39Ar muscovite thermochronology from this study cannot be used to constrain 
the timing of top-NW kinematics in the northern Funeral Mountains, muscovite 
cooling ages from Monarch Canyon in previous studies (Applegate, 1994; Beyene, 
2011) can be utilized. In the top-NW kinematic regime, these muscovite cooling ages 
record mostly Eocene exhumation within the MSSZ-CCSZ tectonostratigraphic block, 
with some older Late Cretaceous to early Paleocene cooling ages recorded in the 
MCSZ - ESZ block. Combined with our microstructural analyses, these cooling ages 
show that the top-NW deformation, manifested in ductile quartz microstructures, 
must have ceased by 44 Ma. 
The age constraints on the timing of fabric development in the two kinematic 
regimes do not unambiguously address whether the fabrics below and above the 
MSSZ developed sequentially or coevally.  Below the MSSZ, the top-SW fabric 
developed prior to 61 Ma, and a component of the top-NW shear above the MSSZ 
developed prior to 44 Ma, allowing for both the sequential and coeval scenarios to 
be possible. The abrupt switch in kinematics does suggest, however, that either the 
distinct kinematic regimes did develop coevally, or that there has been significant 
late shear along the plastic-to-brittle MSSZ such that different structural and 







mutually exclusive. The existing geobarometric constraints are not sufficiently 
accurate or precise to clarify the magnitude of juxtaposition (Hodges and Walker, 
1990; Hoisch and Simpson, 1993; Mattinson et al., 2007). 
 
Gravitational collapse of the Sevier hinterland 
 Gravitational collapse can occur where there is an overthickened crust 
resulting in a lateral gradient of gravitational potential energy.  Gravitational 
collapse effectively reduces the gradient of gravitational potential energy, which 
Figure 34: Schematic block diagram of the two kinematic regimes in the FMMCC. Above the 
Monarch Spring shear zone (MSSZ) rocks display top-NW kinematics, while below the MSSZ 
rocks show top-SW shear. U-Pb zircon ages are shown, with the 57 Ma dike cutting the 68 
Ma leucogranite sill and associated folded amphibolite paragneisses. Stereograms show the 




results in lateral spreading and thinning of the crust (Dewey, 1988; Rey et al., 2001). 
Gravitational collapse can also result in extension at the surface, in which case the 
term “extensional collapse” may also be used (e.g., Rey et al., 2001). Gravitational 
collapse is postulated to occur in many regions of overthickened crust in the 
hinterland of orogens (e.g., Sonder et al., 1987; Dewey, 1988), including the 
Himalayas (e.g., Burchfiel and Royden, 1985; Hodges et al., 1992), the central Andes 
(e.g., Sébrier et al., 1985; Liu et al., 2002), the Variscan orogeny (e.g., Steltenpohl et 
al., 1993; Fernández et al., 2012), and western North America (e.g., Bird, 1979; 
Coney, 1987; Wernicke et al., 1987; Livaccari, 1991; Royden, 1993; Dokka and Ross, 
1995). 
 
Timing of gravitational collapse: syn- or post-orogenic?  
The idea of gravitational collapse within the hinterland of the Sevier fold and 
thrust belt is not a new one, and the Cordilleran metamorphic core complexes have 
long been viewed as potential relicts of this gravitational collapse (e.g., Coney and 
Harms, 1984; Sonder et al., 1987; Hodges and Walker, 1992; Vanderhaeghe and 
Teyssier, 2001a,b), although the timing of gravitational collapse has been widely 
disputed. Traditionally, this collapse has been hypothesized to occur post-
orogenically (e.g., Coney and Harms, 1984; Sonder et al., 1987; Liu and Shen, 1998; 
Liu, 2001), but there is growing support for synorogenic extensional collapse (e.g., 
Wells et al., 1990; Hodges and Walker, 1992; Vanderhaeghe and Teyssier, 2001a; 
Wells and Hoisch, 2008). While this study and prior studies by Beyene (2011) show 




early Tertiary, we cannot unequivocally show that the exhumation and cooling are 
linked to specific extensional fabrics. However, studies from the surrounding areas 
provide evidence for Mesozoic extension, which supports synorogenic collapse. 
Locations where evidence for Mesozoic extension has been documented include: the 
Eastern Mojave Desert, which includes the Granite Mountains, Old Woman-Piute 
Mountains, New York Mountains, Iron Mountains, and the Central Mojave 
metamorphic core complex (Kula et al., 2002; Wells and Hoisch, 2008; Wong and 
Gans, 2009); and the Great Basin, which includes the Raft River-Albion-Grouse 
Creek Mountains, the Pequop Mountains, the East Humboldt Range (Hodges et al., 
1992; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997; Wells and Hoisch, 
2008), and the Egan Range (Druschke et al., 2009, 2010). While there is good 
evidence for extension during the ongoing crustal shortening of the Sevier-Laramide 
orogeny, the driving mechanism behind synorogenic gravitational collapse is 
controversial. 
  
Mechanisms of synorogenic collapse 
 Several mechanisms have been proposed to explain how extension can occur 
during ongoing orogenesis. One proposed mechanism is the idea of a supercritical 
wedge taper, or the Coulomb critical-taper model (Platt, 1986). In this scenario, 
underplating at depth creates an overthickened wedge, which then deforms 
internally by horizontal extension in order to reach a more stable geometry (Platt, 
1986).  Another proposed mechanism for synorogenic extension is slab rollback.   




convergence, and results in regional extension in the overriding plate (e.g., Royden, 
1993) due to a reduction in the horizontal compressive stresses (Wells et al., 2012). 
While these two mechanisms may have been viable further to the north in the Great 
Basin, the Funeral Mountains and the surrounding Mojave region experienced flat 
slab subduction during this time, along with increased convergence rates and 
horizontal compressive stresses (e.g., Livaccari and Perry, 1993); thus, supercritical-
taper and slab rollback are not considered feasible mechanisms for synorogenic 
extension in this region.  
 Rheological weakening has also been proposed as a mechanism for 
synorogenic extension. Anatexis and the associated migmatites may induce 
weakening of the lower crust (e.g., Jamieson et al., 1998; Handy et al., 2001; 
Vanderhaeghe and Teyssier, 2001a). Heat sources for partial melting include an 
increase of heat from the mantle, due to either mantle delamination or magmatism 
relating to subduction (Vanderhaege and Teyssier, 2001b), which will be discussed 
below, and internal heat production from radioactive decay in an overthickened 
crust (Jamieson et al., 1998; Vanderhaeghe and Teyssier, 2001b).  Internal heat from 
radioactive decay can lead to thermal relaxation of the crust, thus weakening the 
mid- to lower-crust and allowing it to flow laterally due to differences in 
gravitational potential energy. Vanderhaeghe and Teyssier (2001b) found a time 
delay of 20-60 m.y. between the onset of crustal thickening and the start of partial 
melting as the characteristic time needed for thermal relaxation of the crust and a 
temperature increase due to radioactive materials in the lower crust, a time lag 




Mountains, the difference in time between peak burial of rocks in Monarch Canyon 
and the onset of partial melting is roughly 70 m.y., with peak metamorphism 
occurring at 158 Ma (Hoisch et al., 2014), and the earliest age of leucosomes from 
migmatites below the MSSZ at 88 Ma (Mattinson et al., 2007). Additionally, while 
heat from the adjacent Sierra Nevadan batholith is likely not a contributing factor to 
metamorphism in the Funeral Mountains, this heat may have contributed to the 
increased temperature in the thickened orogenic crust, thus aiding in the thermal 
weakening of the lower crust. While it seems likely that the Funeral Mountains were 
affected by rheological weakening of the mid- to lower-crust, it is likely that this 
mechanism is only pertinent below the MSSZ where migmatites and leucogranite 
intrusions are present. Dewatering from the shallowly-subducting Farallon plate 
likely contributed to partial melting and a reduction of the viscosity of the lower 
crust, resulting in lower crustal flow. 
 Delamination of the mantle lithosphere may also be a viable mechanism for 
synconvergent extension during the Sevier-Laramide orogeny. Thickened mantle 
lithosphere is removed by delamination, allowing for the upwelling of the 
asthenosphere. This is potentially a source of increased heat from the mantle, which 
increases the temperature of the lower crust and aids in thermal weakening. 
Additionally, delamination of the mantle lithosphere results in a gravitational 
instability, surface uplift, and regional extension (e.g., Bird 1979; Rey et al., 2001; 
Wells and Hoisch, 2008; Wells et al., 2012). 
 It is important to note that these mechanisms are not mutually exclusive, and 




wedge taper as likely mechanisms for synconvergent extension in the Mojave sector 
of the Sevier-Laramide orogen, we favor rheological weakening of the mid- to lower-
crust, aided by mantle delamination and later dewatering from the shallow Farallon 
plate, as the main driving mechanisms. The time delay between peak burial and the 
onset of partial melting in the Funeral Mountains is consistent with rheological 
weakening. While this mechanism does not necessarily require the additional input 
of heat provided by upwelling asthenosphere due to mantle delamination, the 
additional increase of gravitational potential energy resulting from delamination, 
and thus driving uplift and extension, provides compelling evidence for mantle 
delamination in addition to rheological weakening as the driving mechanisms for 
synconvergent extension. These mechanisms driving synorogenic extension may 
also be responsible for the differences in the top-NW and top-SW kinematic regimes.  
The top-NW regime may be driven by the gravitational potential energy gradients 
resulting in the gravitational collapse of the Sevier hinterland, while the top-SW 
kinematics may be driven by coupling between the North American and Farallon 
plates (Fig. 35). During the Late Cretaceous, there was a switch from high-angle to 
low-angle subduction of the Farallon plate, which allows for the oceanic lithosphere 
to be at a shallow depth beneath the continental lithosphere and not significantly 
deeper than the structural deepest rocks of Monarch Canyon. The top-SW shear 
recorded beneath the MSSZ may have resulted from subduction-induced strain in 








Figure 35: Schematic diagram of Late Cretaceous tectonics in the Mojave region of the Sevier hinterland. Inset illustrates the 
possible driving mechanisms behind the orthogonal kinematic regimes, with gravitational collapse in the upper crust driving 
the top-NW kinematics and rheological weakening and coupling between the shallowly-subducting Farallon plate and the 







 In summary, we found two kinematic regimes in the Funeral Mountains 
metamorphic core complex that display orthogonal kinematics, separated by the 
Monarch Spring shear zone. Above the MSSZ, the greenschist to amphibolite facies 
rocks display top-NW kinematics, similar to the kinematics recorded for the 
Miocene Boundary Canyon detachment. Below the MSSZ, the upper amphibolite 
facies migmatitic paragneisses display top-SW kinematics and are below an 
anatectic front.  
U-Pb geochronology on leucogranites below the MSSZ show that top-SW 
shear ceased by 61 Ma, while the deformational event that deforms the top-SW 
shear fabric and forms the isoclinal folds in lower Monarch Canyon was over by 57 
Ma. Combined with previous U-Th-Pb monazite dating from leucosomes of 
migmatite (Mattinson et al., 2007), these data suggest a Late Cretaceous or early 
Tertiary age for top-SW shearing.  
The timing of top-NW shear in Monarch Canyon remains elusive, as our 
muscovite argon thermochronology was done further southeast near Chloride Cliff, 
where the rocks display top-SE kinematics that likely record Sevier thrust-related 
deformation, and lack the pervasive coeval or younger top-NW overprint. Although 
our thermochronology and geochronology do not unequivocally support the coeval 
development of the two kinematic regimes, the lack of a gradual transition zone 




decoupling occurring between these two regimes. We tentatively propose that the 
decoupling zone separates a structurally higher regime governed by top-down body 
forces due to gradients in gravitational potential energy, from a structurally lower 
regime driven by bottom-up surface forces related to coupling between the North 
American and Farallon plates.  
Our 40Ar/39Ar muscovite ages, combined with earlier studies, are permissive 
of, but do not provide unequivocal evidence for, age discordances across several of 
the intracore shear zones, in particular the Monarch Canyon shear zone. Due to the 
distribution of cooling ages, the Eastern shear zone or a potential precursor to the 
BCD could be important in the early exhumation of the FMMCC, although more data 
is needed to draw any firm conclusions about the significance of these structures. 
Cooling ages from the Chloride Cliff region support the existence of a Late 
Cretaceous exhumational event. Cooling ages generally become younger towards 
the northwest, and in Monarch Canyon above the MSSZ, are as young as Oligocene. 
While there is the possibility that this is a protracted exhumational event, EBSD and 
petrographic data from rocks adjacent to the muscovite samples show that the 
deformation which caused dynamic recrystallization in quartz at relatively high 
temperatures had ended prior to the Oligocene-Eocene, raising the possibility that 
another deformational event may have taken place in the Funeral Mountains.  
This study supports a polyphase extensional history for the FMMCC, with 
extension beginning in the Late Cretaceous and possibly reactivating a Mesozoic 
thrust fault. Our data is in agreement with a growing base of evidence for Mesozoic 




synconvergent gravitational collapse during the Sevier-Laramide orogeny, occurring 
due to rheological weakening aided by delamination of mantle lithosphere.  
In conclusion, the Funeral Mountain metamorphic core complex shows 
evidence that the localization and kinematics of Cenozoic extension are tectonically 
inherited from synconvergent extension during the Sevier-Laramide orogeny, and 
that the FMMCC has experienced a polyphase extensional history stretching back to 








LA-ICPMS U-Pb Zircon Analyses 
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a) (Ma) (%) 
KSFM13
-6-                                       
1R  122 6807 0.4 35.0227 37.6 0.0361 38.3 0.0092 6.9 0.18 58.8 4.1 36.0 13.5 NA NA 
58.
8 4.1 NA 




1 0.0092 6.8 0.03 59.0 4.0 97.6 
192.
2 1185.9 800.0 
59.
0 4.0 NA 
22R  544 22484 1.3 20.4090 7.9 0.0623 8.1 0.0092 2.1 0.26 59.2 1.2 61.4 4.8 147.7 184.3 
59.
2 1.2 NA 
18R  253 16064 0.8 23.4604 16.9 0.0549 17.3 0.0093 3.7 0.21 59.9 2.2 54.2 9.1 -189.4 424.5 
59.
9 2.2 NA 
21R  91 5247 0.4 17.0248 58.2 0.0757 58.5 0.0093 5.7 0.10 60.0 3.4 74.1 41.8 557.4 1391.0 
60.
0 3.4 NA 
11R  74 4530 0.8 18.7293 36.4 0.0691 37.1 0.0094 7.1 0.19 60.2 4.3 67.9 24.4 345.5 849.5 
60.
2 4.3 NA 
19R  177 8197 1.2 23.4342 26.6 0.0553 27.0 0.0094 4.6 0.17 60.3 2.7 54.7 14.4 -186.7 675.1 
60.
3 2.7 NA 
14R  618 16996 1.4 21.6246 3.4 0.0601 3.9 0.0094 1.8 0.45 60.5 1.1 59.3 2.2 10.4 82.6 
60.
5 1.1 NA 
29R  584 40922 1.2 21.6663 8.3 0.0601 8.6 0.0094 2.1 0.25 60.6 1.3 59.2 4.9 5.7 200.4 
60.
6 1.3 NA 
17R  560 38262 1.3 21.4177 5.1 0.0610 5.5 0.0095 2.1 0.38 60.8 1.3 60.1 3.2 33.4 122.1 
60.
8 1.3 NA 
36C  826 52447 9.5 21.0716 4.9 0.0625 5.2 0.0095 1.9 0.36 61.2 1.2 61.5 3.1 72.3 116.0 
61.
2 1.2 NA 
33R  233 12074 0.6 24.4660 16.9 0.0540 17.8 0.0096 5.6 0.31 61.4 3.4 53.4 9.3 -295.5 435.3 
61.
4 3.4 NA 
9R  74 5673 0.9 29.2792 40.4 0.0451 40.8 0.0096 5.8 0.14 61.5 3.6 44.8 17.9 -777.2 1180.7 
61.
5 3.6 NA 
36R  106 4854 0.5 23.9794 26.2 0.0551 27.0 0.0096 6.7 0.25 61.5 4.1 54.5 14.3 -244.5 671.5 
61.







20R  210 10966 0.8 20.3074 20.5 0.0651 20.6 0.0096 2.3 0.11 61.5 1.4 64.1 12.8 159.4 483.5 
61.
5 1.4 NA 
5R  53 3802 0.2 27.7153 71.1 0.0478 71.5 0.0096 8.3 0.12 61.6 5.1 47.4 33.1 -624.7 2216.7 
61.
6 5.1 NA 
28R  61 5639 0.4 24.6821 44.5 0.0537 44.9 0.0096 5.7 0.13 61.7 3.5 53.1 23.2 -318.0 1193.7 
61.
7 3.5 NA 
16R  118 14553 0.8 23.3010 31.0 0.0569 31.2 0.0096 3.9 0.13 61.7 2.4 56.2 17.1 -172.4 787.8 
61.
7 2.4 NA 
4R  63 5672 0.8 18.6691 45.5 0.0711 46.3 0.0096 8.8 0.19 61.8 5.4 69.8 31.2 352.8 1080.8 
61.
8 5.4 NA 
15R  145 9649 0.7 19.7865 16.4 0.0672 16.6 0.0096 2.9 0.18 61.8 1.8 66.0 10.6 219.9 381.3 
61.
8 1.8 NA 
12R  618 37486 1.1 20.1034 7.2 0.0662 7.3 0.0097 1.5 0.20 61.9 0.9 65.1 4.6 183.0 167.1 
61.
9 0.9 NA 
35R  759 29686 4.3 21.3860 3.4 0.0651 4.3 0.0101 2.7 0.61 64.7 1.7 64.0 2.7 36.9 82.2 
64.
7 1.7 NA 
2R  464 35661 4.5 21.4386 9.5 0.0779 9.8 0.0121 2.7 0.27 77.6 2.1 76.2 7.2 31.1 227.6 
77.
6 2.1 NA 
10R  1190 1404458 
142.
2 9.8084 0.2 3.7089 2.7 0.2638 2.7 1.00 1509.5 36.5 1573.3 21.7 1660.0 3.8 
166
0.0 3.8 90.9 
31R  434 454553 33.1 9.7484 0.2 3.3023 2.4 0.2335 2.4 1.00 1352.7 29.6 1481.6 18.9 1671.3 3.0 
167
1.3 3.0 80.9 
2C  1259 1949913 
115.
3 9.7431 0.2 3.4685 3.6 0.2451 3.6 1.00 1413.1 45.4 1520.1 28.2 1672.3 2.8 
167
2.3 2.8 84.5 
16C  355 506356 1.0 9.7216 0.2 3.8297 1.8 0.2700 1.7 0.99 1540.9 23.9 1599.0 14.1 1676.4 3.8 
167
6.4 3.8 91.9 
4C  542 1081891 0.8 9.6708 0.3 4.0314 2.8 0.2828 2.8 0.99 1605.3 39.6 1640.6 22.8 1686.1 5.3 
168
6.1 5.3 95.2 
32C  396 593758 24.3 9.6057 0.4 3.9642 3.3 0.2762 3.2 0.99 1572.1 45.2 1626.9 26.5 1698.5 7.9 
169
8.5 7.9 92.6 





9IR  934 149588 20.6 9.4038 0.1 4.0194 2.6 0.2741 2.6 1.00 1561.8 36.0 1638.1 21.2 1737.6 2.3 
173
7.6 2.3 89.9 
19C  369 382196 5.0 9.4020 0.2 4.1200 2.1 0.2809 2.1 1.00 1596.1 30.3 1658.3 17.6 1737.9 2.9 
173
7.9 2.9 91.8 
31C  559 375274 4.0 9.3974 0.3 3.7390 2.9 0.2548 2.9 0.99 1463.4 38.0 1579.8 23.4 1738.8 5.5 
173
8.8 5.5 84.2 
1C  1073 4564445 2.9 9.3116 0.1 4.3902 2.5 0.2965 2.5 1.00 1673.9 36.8 1710.5 20.7 1755.6 2.3 
175
5.6 2.3 95.3 
10C  1205 2712740 4.3 9.2889 0.4 4.0385 3.6 0.2721 3.6 0.99 1551.3 49.9 1642.0 29.6 1760.1 7.1 
176







18C  398 595866 1.5 9.2563 0.2 4.5211 1.7 0.3035 1.7 1.00 1708.7 25.0 1734.9 13.9 1766.5 2.8 
176
6.5 2.8 96.7 
3C  805 1095137 1.9 9.1790 0.1 4.4048 3.1 0.2932 3.1 1.00 1657.7 44.6 1713.2 25.3 1781.8 1.5 
178
1.8 1.5 93.0 
24C  106 19027 1.4 9.1118 0.7 4.6008 3.3 0.3040 3.2 0.98 1711.3 48.8 1749.4 27.8 1795.2 13.4 
179
5.2 13.4 95.3 
28C  523 763038 1.4 9.0375 0.1 4.5224 1.8 0.2964 1.8 1.00 1673.5 25.9 1735.1 14.7 1810.1 2.5 
181
0.1 2.5 92.5 
13C  252 364826 0.9 8.9703 0.3 4.7059 2.2 0.3062 2.2 0.99 1721.8 33.7 1768.3 18.8 1823.7 4.5 
182
3.7 4.5 94.4 
22C  100 188851 1.3 6.6872 3.0 8.4832 4.3 0.4114 3.1 0.72 2221.5 58.8 2284.1 39.4 2340.6 51.4 
234










 Isotope Ratios Apparent Ages  
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
                                        
14R  51 2811 0.5 29.9656 63.4 0.0383 64.2 0.0083 9.8 0.15 53.4 5.2 38.2 24.0 -843.1 1997.7 53.4 5.2 NA 
21R  122 7453 0.4 20.3271 24.2 0.0593 26.0 0.0087 9.4 0.36 56.1 5.3 58.5 14.8 157.1 573.8 56.1 5.3 NA 
19R  117 7209 0.3 22.9752 23.4 0.0525 24.2 0.0088 6.3 0.26 56.2 3.5 52.0 12.3 -137.5 586.2 56.2 3.5 NA 
13R  90 7006 0.4 23.0287 22.8 0.0525 24.0 0.0088 7.6 0.31 56.2 4.2 51.9 12.2 -143.2 570.8 56.2 4.2 NA 
28R  157 8998 0.7 26.4872 16.0 0.0458 16.7 0.0088 4.9 0.29 56.5 2.8 45.5 7.4 -502.5 428.1 56.5 2.8 NA 
09R  537 42022 0.7 21.1654 4.8 0.0574 5.0 0.0088 1.2 0.25 56.6 0.7 56.7 2.7 61.7 114.6 56.6 0.7 NA 
10R  116 7037 0.4 18.1345 34.4 0.0675 34.8 0.0089 5.4 0.16 57.0 3.1 66.3 22.4 418.0 789.8 57.0 3.1 NA 
24R  147 4258 0.3 26.5921 39.4 0.0461 40.0 0.0089 6.7 0.17 57.0 3.8 45.7 17.9 -513.0 1087.0 57.0 3.8 NA 
10R2  128 6673 0.4 22.1051 31.7 0.0556 32.2 0.0089 5.8 0.18 57.2 3.3 55.0 17.2 -42.8 787.0 57.2 3.3 NA 
15R  83 4152 0.8 9.2962 306.9 0.1323 307.0 0.0089 7.2 0.02 57.3 4.1 126.2 381.3 1758.7 783.0 57.3 4.1 NA 
20R  125 2658 0.3 20.8425 17.7 0.0591 18.9 0.0089 6.6 0.35 57.3 3.7 58.3 10.7 98.2 421.8 57.3 3.7 NA 
02R  130 7209 0.5 16.9670 19.3 0.0728 19.9 0.0090 5.0 0.25 57.5 2.9 71.3 13.7 564.8 424.1 57.5 2.9 NA 
11R  89 5559 0.5 15.4610 28.1 0.0799 28.6 0.0090 5.3 0.18 57.5 3.0 78.1 21.5 763.9 603.5 57.5 3.0 NA 
26R  107 8338 0.6 22.9212 35.0 0.0539 35.5 0.0090 6.4 0.18 57.5 3.6 53.3 18.5 -131.6 887.4 57.5 3.6 NA 
06R  183 11332 0.2 23.4795 20.5 0.0526 20.7 0.0090 2.5 0.12 57.5 1.5 52.1 10.5 -191.5 517.4 57.5 1.5 NA 
01R  134 5785 0.3 21.6529 20.5 0.0571 20.7 0.0090 3.3 0.16 57.5 1.9 56.4 11.4 7.2 496.7 57.5 1.9 NA 
25R  164 7381 0.3 19.4730 16.5 0.0635 17.0 0.0090 4.1 0.24 57.5 2.3 62.5 10.3 256.7 382.5 57.5 2.3 NA 
04R  45 2609 0.5 -17.8237 525.9 -0.0695 526.0 0.0090 9.6 0.02 57.7 5.5 -73.2 -421.9 NA NA 57.7 5.5 NA 
07R2  107 4737 0.7 17.5559 25.2 0.0712 26.4 0.0091 7.8 0.29 58.1 4.5 69.8 17.8 490.0 564.3 58.1 4.5 NA 
08R  55 4078 0.9 19.2907 45.5 0.0648 46.0 0.0091 7.1 0.15 58.2 4.1 63.7 28.4 278.3 1094.0 58.2 4.1 NA 
22R  94 6267 0.4 28.2028 85.0 0.0444 85.2 0.0091 5.8 0.07 58.3 3.3 44.1 36.8 -672.6 2959.7 58.3 3.3 NA 
07R  121 6672 0.7 22.3403 62.5 0.0570 62.5 0.0092 3.2 0.05 59.2 1.9 56.2 34.2 -68.6 1686.8 59.2 1.9 NA 
16R  55 2121 0.8 15.0031 184.6 0.0852 184.8 0.0093 8.6 0.05 59.5 5.1 83.0 148.3 826.9 998.0 59.5 5.1 NA 
18R  94 7140 0.7 7.0672 235.8 0.1809 235.9 0.0093 7.6 0.03 59.5 4.5 168.9 384.3 2245.6 109.1 59.5 4.5 NA 







16C  639 1830907 11.7 9.8056 0.1 3.5732 1.9 0.2541 1.9 1.00 1459.7 25.4 1543.6 15.5 1660.5 2.8 1660.5 2.8 87.9 
17C  280 506774 5.7 9.7643 0.3 3.6701 3.6 0.2599 3.6 1.00 1489.4 47.3 1564.9 28.5 1668.3 6.0 1668.3 6.0 89.3 
21C  427 494879 10.2 9.7401 0.3 4.0517 4.4 0.2862 4.4 1.00 1622.6 62.8 1644.6 35.7 1672.9 4.7 1672.9 4.7 97.0 
11C  829 1376766 19.2 9.7395 0.2 3.9019 2.2 0.2756 2.2 1.00 1569.3 31.1 1614.1 18.1 1673.0 3.8 1673.0 3.8 93.8 
06C  1213 1660005 51.7 9.6999 0.1 3.6716 1.6 0.2583 1.6 1.00 1481.1 20.6 1565.2 12.5 1680.5 2.1 1680.5 2.1 88.1 
26C  428 1036568 11.7 9.6967 0.5 4.0928 4.3 0.2878 4.3 0.99 1630.7 62.0 1652.9 35.4 1681.2 9.9 1681.2 9.9 97.0 
03R  665 659180 44.3 9.6268 0.2 4.0562 2.2 0.2832 2.2 0.99 1607.5 31.4 1645.5 18.1 1694.5 4.2 1694.5 4.2 94.9 
01C  761 1365079 16.6 9.5148 0.2 4.0249 2.8 0.2777 2.8 1.00 1580.0 38.9 1639.2 22.6 1716.0 3.4 1716.0 3.4 92.1 
07C  1194 2258559 67.4 9.4673 0.2 4.2385 2.5 0.2910 2.5 1.00 1646.7 36.3 1681.5 20.6 1725.2 3.3 1725.2 3.3 95.4 
12C  165 532396 2.7 9.4293 0.6 4.1577 4.5 0.2843 4.4 0.99 1613.2 63.2 1665.7 36.6 1732.6 10.4 1732.6 10.4 93.1 
05C  107 260826 2.1 9.3977 1.3 4.4089 3.5 0.3005 3.2 0.92 1693.8 47.4 1714.0 28.6 1738.8 24.4 1738.8 24.4 97.4 
03C  133 244764 1.8 9.3606 0.6 4.1275 3.6 0.2802 3.5 0.99 1592.5 50.0 1659.8 29.4 1746.0 10.8 1746.0 10.8 91.2 
09C  300 574794 3.1 9.3365 0.5 4.3925 3.0 0.2974 2.9 0.99 1678.6 43.3 1710.9 24.6 1750.7 8.8 1750.7 8.8 95.9 
13C  173 344594 3.3 9.2949 0.4 4.8300 4.0 0.3256 4.0 1.00 1817.0 63.6 1790.1 34.0 1758.9 7.1 1758.9 7.1 103.3 


















 Isotope Ratios Apparent Ages  
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
                                        
                                        
6R  1847 109558 241.3 20.7679 1.5 0.0688 1.9 0.0104 1.2 0.61 66.5 0.8 67.6 1.3 106.7 36.0 66.5 0.8 NA 
26 1945 51010 245.8 21.1988 1.9 0.0680 2.1 0.0105 0.9 0.42 67.1 0.6 66.8 1.4 57.9 45.6 67.1 0.6 NA 
23 2257 169939 253.9 21.3399 1.7 0.0677 1.8 0.0105 0.7 0.38 67.2 0.5 66.5 1.2 42.1 39.9 67.2 0.5 NA 
5R  1866 85039 294.9 21.2762 3.4 0.0680 3.5 0.0105 1.1 0.30 67.3 0.7 66.8 2.3 49.3 80.3 67.3 0.7 NA 
6R2  1588 16526 262.4 20.2837 3.9 0.0716 4.0 0.0105 0.7 0.16 67.6 0.4 70.3 2.7 162.2 92.3 67.6 0.4 NA 
29 3491 8283 131.8 20.1211 4.8 0.0723 5.4 0.0106 2.4 0.45 67.7 1.6 70.9 3.7 180.9 113.0 67.7 1.6 NA 
13 2645 98412 199.5 21.0745 1.8 0.0691 1.8 0.0106 0.6 0.31 67.7 0.4 67.9 1.2 72.0 41.8 67.7 0.4 NA 
2R  2297 137891 250.8 20.8877 1.8 0.0698 2.0 0.0106 0.9 0.45 67.8 0.6 68.5 1.3 93.1 42.0 67.8 0.6 NA 
27 2130 88757 239.0 21.3021 2.7 0.0686 2.9 0.0106 0.9 0.33 68.0 0.6 67.4 1.9 46.3 65.0 68.0 0.6 NA 
11 2393 116878 206.7 21.0896 2.1 0.0693 2.7 0.0106 1.6 0.61 68.0 1.1 68.1 1.8 70.3 50.1 68.0 1.1 NA 
16 2583 121951 238.8 20.8684 2.3 0.0702 2.6 0.0106 1.1 0.43 68.1 0.8 68.9 1.7 95.3 55.1 68.1 0.8 NA 
4C  4110 144758 179.7 21.1345 1.0 0.0694 2.2 0.0106 1.9 0.88 68.2 1.3 68.2 1.4 65.2 24.4 68.2 1.3 NA 
20 2049 373448 288.6 21.0641 2.8 0.0697 2.9 0.0106 1.0 0.33 68.3 0.7 68.4 1.9 73.2 65.9 68.3 0.7 NA 
9R2  1709 70712 297.0 21.3495 2.0 0.0688 2.1 0.0106 0.8 0.37 68.3 0.5 67.5 1.4 41.1 47.7 68.3 0.5 NA 
7R  2513 193814 327.8 21.1526 2.0 0.0694 2.3 0.0107 1.1 0.49 68.3 0.8 68.2 1.5 63.1 47.5 68.3 0.8 NA 
9R  1870 109347 297.8 20.4566 2.1 0.0720 2.4 0.0107 1.1 0.47 68.5 0.8 70.6 1.6 142.3 49.1 68.5 0.8 NA 
22 2188 54992 256.9 20.9780 1.7 0.0702 2.0 0.0107 0.9 0.46 68.5 0.6 68.9 1.3 82.8 41.3 68.5 0.6 NA 
15 1897 84260 273.0 20.8540 2.9 0.0706 4.8 0.0107 3.8 0.80 68.5 2.6 69.3 3.2 96.9 67.5 68.5 2.6 NA 
18 1915 92627 305.3 20.9860 1.9 0.0703 2.0 0.0107 0.8 0.40 68.6 0.6 68.9 1.4 81.9 44.1 68.6 0.6 NA 
12R2  3712 310666 209.4 20.9212 1.3 0.0706 1.6 0.0107 1.0 0.59 68.7 0.7 69.3 1.1 89.3 31.0 68.7 0.7 NA 
1R  2357 33011 197.1 20.8577 2.8 0.0709 3.3 0.0107 1.8 0.53 68.8 1.2 69.5 2.2 96.5 66.2 68.8 1.2 NA 
10 1704 46407 255.1 21.1640 2.4 0.0700 2.5 0.0107 0.9 0.35 68.9 0.6 68.7 1.7 61.9 57.0 68.9 0.6 NA 
8R  2762 94791 254.4 20.9116 1.7 0.0709 1.8 0.0108 0.6 0.32 69.0 0.4 69.6 1.2 90.4 41.1 69.0 0.4 NA 







3R  2919 87998 254.5 20.5526 1.6 0.0736 2.8 0.0110 2.3 0.82 70.3 1.6 72.1 2.0 131.3 38.0 70.3 1.6 NA 
24 2306 90072 185.4 21.1914 2.3 0.0717 2.8 0.0110 1.7 0.61 70.7 1.2 70.3 1.9 58.8 53.8 70.7 1.2 NA 
21 4176 64273 219.1 19.4821 7.1 0.0794 7.6 0.0112 2.7 0.36 72.0 2.0 77.6 5.7 255.6 162.6 72.0 2.0 NA 
14 4180 16469 215.6 20.8652 1.3 0.0742 3.8 0.0112 3.5 0.94 72.0 2.5 72.7 2.7 95.6 31.8 72.0 2.5 NA 
17 4183 212345 160.0 20.9239 1.2 0.0803 1.8 0.0122 1.4 0.77 78.0 1.1 78.4 1.4 89.0 27.9 78.0 1.1 NA 
16R  4196 176188 86.5 20.8527 0.9 0.0931 5.5 0.0141 5.4 0.98 90.1 4.8 90.4 4.7 97.0 22.4 90.1 4.8 NA 

























































































































40Ar/39Ar  ANALYSES 
 
Sauer-UNLV, KSFM13-16, Muscovite, 4.13 mg, J = 0.005084 ± 0.51%        
4 amu discrimination = 1.0614 ± 0.44%, 40/39K = 0.0093 ± 74.72%, 36/37Ca = 0.000247 ± 10.38%, 39/37Ca = 0.000761 ± 
12.08%   
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* 
% 39Ar 





1 650 12 0.459 3.561 0.218 7.671 170.441 27.6 0.6 6.07267825 6.033269 54.51 1.02 
2 720 12 1.205 8.003 0.520 18.478 464.483 28.9 1.4 5.66499677 7.282867 65.59 1.09 
3 750 12 0.574 5.112 0.328 15.045 257.136 39.7 1.1 4.44247599 6.737041 60.76 0.89 
4 770 12 0.129 0.692 0.209 13.527 120.995 75.1 1.0 0.66801948 6.478978 58.47 0.54 
5 790 12 0.129 0.045 0.217 14.509 130.412 76.8 1.1 0.04049202 6.668267 60.15 0.51 
6 810 12 0.146 0.047 0.251 16.821 152.337 77.0 1.2 0.03647874 6.792189 61.25 0.53 
7 830 12 0.162 0.051 0.388 27.698 238.140 83.5 2.1 0.02403885 7.095039 63.93 0.52 
8 850 12 0.217 0.059 0.695 50.061 421.310 87.0 3.7 0.01538662 7.315771 65.88 0.60 
9 870 12 0.288 0.067 1.105 81.297 677.324 89.0 6.0 0.01075946 7.443143 67.01 0.52 
10 890 12 0.256 0.076 1.592 118.078 943.270 93.0 8.7 0.008403 7.479582 67.33 0.54 
11 920 12 0.282 0.077 2.541 192.581 1504.15 95.1 14.3 0.00521995 7.493729 67.46 0.51 
12 950 12 0.272 0.078 2.109 158.521 1233.66 94.6 11.7 0.00642388 7.399357 66.62 0.51 
13 1000 12 0.344 0.065 2.050 152.634 1214.92 92.9 11.3 0.0055597 7.427076 66.87 0.51 
14 1070 12 0.363 0.061 1.981 148.033 1207.12 92.4 11.0 0.00537973 7.568443 68.12 0.51 
15 1150 12 0.341 0.075 3.145 238.524 1877.61 95.4 17.7 0.00410505 7.566631 68.10 0.52 











Sauer-UNLV, MW13FM-1, Muscovite, 6.75 mg, J = 0.005109 ± 0.50%        
4 amu discrimination = 1.0614 ± 0.44%, 40/39K = 0.0093 ± 74.72%, 36/37Ca = 0.000247 ± 10.38%, 39/37Ca = 0.000761 ± 
12.08%   
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* 
% 39Ar 





1 650 12 0.665 2.725 0.400 14.589 275.200 36.1 1.0 2.54571618 6.532464 59.23 1.04 
2 720 12 0.159 2.591 0.266 16.542 136.795 78.7 1.2 2.13446652 5.861223 53.23 0.56 
3 750 12 0.121 0.099 0.222 14.683 122.549 84.3 1.0 0.09181993 6.104635 55.41 0.56 
4 770 12 0.113 0.069 0.206 14.067 120.539 86.1 1.0 0.06679755 6.386766 57.93 0.60 
5 790 12 0.114 0.062 0.241 16.076 139.377 88.0 1.1 0.05251998 6.764341 61.29 0.61 
6 810 12 0.114 0.058 0.284 19.513 172.574 90.6 1.4 0.04047745 7.289876 65.97 0.62 
7 830 12 0.138 0.071 0.390 27.446 248.396 90.8 2.0 0.03522798 7.734089 69.91 0.65 
8 850 12 0.143 0.067 0.503 36.405 332.099 72.8 2.6 0.02506229 8.119490 73.33 0.66 
9 870 12 0.160 0.068 0.708 50.109 453.139 93.7 3.6 0.01847988 8.248459 74.47 0.68 
10 890 12 0.172 0.068 0.923 68.198 608.760 94.7 4.9 0.01357821 8.320495 75.11 0.67 
11 920 12 0.207 0.079 1.622 120.558 1053.06 96.0 8.6 0.00892351 8.354883 75.41 0.67 
12 950 12 0.180 0.081 1.373 102.223 880.224 96.3 7.3 0.01079049 8.213524 74.16 0.66 
13 1000 12 0.250 0.102 2.084 157.388 1378.01 96.2 11.2 0.00882538 8.410775 75.90 1.30 
14 1070 12 0.308 0.128 3.064 229.520 2015.42 96.6 16.4 0.00759441 8.507207 76.76 0.68 
15 1150 12 0.316 0.229 5.627 428.138 3684.56 98.1 30.6 0.00728377 8.499735 76.69 0.67 














Sauer-UNLV, MW13FM-11, Muscovite, 5.58 mg, J = 0.005025 ± 0.19%        
4 amu discrimination = 1.0614 ± 0.44%, 40/39K = 0.0093 ± 74.72%, 36/37Ca = 0.000247 ± 10.38%, 39/37Ca = 0.000761 
± 12.08%   
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* 
% 
39Ar 
rlsd Ca/K 40Ar*/39ArK 
Age 
(Ma)  1s.d. 
1 650 12 1.128 7.521 0.539 17.721 491.456 37.2 1.1 5.36519857 10.356000 91.52 1.20 
2 720 12 1.835 19.768 0.815 28.075 841.871 40.4 1.7 8.91147896 12.237314 107.66 1.29 
3 750 12 0.289 1.545 0.307 18.193 222.906 66.3 1.1 1.07202855 8.016512 71.25 0.56 
4 770 12 0.136 0.101 0.304 21.056 200.903 84.1 1.3 0.06053163 7.896402 70.20 0.57 
5 790 12 0.129 0.107 0.364 25.569 234.369 87.3 1.5 0.05280874 7.904200 70.27 0.45 
6 810 12 0.170 0.102 0.793 57.117 528.083 92.2 3.4 0.02253545 8.537912 75.79 0.46 
7 830 12 0.215 0.131 1.646 122.225 1118.11 95.1 7.3 0.01352513 8.769619 77.80 0.47 
8 850 12 0.272 0.157 2.410 178.849 1620.78 95.6 10.6 0.01107753 8.746471 77.60 0.46 
9 870 12 0.224 0.131 2.480 187.395 1690.69 96.6 11.1 0.00882151 8.797492 78.04 0.46 
10 890 12 0.166 0.105 2.007 152.409 1371.05 97.0 9.0 0.00869377 8.802906 78.09 0.46 
11 920 12 0.160 0.096 1.860 141.654 1275.54 96.9 8.4 0.00855208 8.801063 78.07 0.46 
12 950 12 0.145 0.086 1.497 112.986 1027.06 96.6 6.7 0.00960513 8.837695 78.39 0.46 
13 1000 12 0.189 0.112 1.729 130.430 1190.49 96.0 7.7 0.01083603 8.828018 78.31 0.46 
14 1070 12 0.190 0.160 2.175 163.673 1505.64 96.8 9.7 0.01233596 8.981524 79.64 0.47 
15 1150 12 0.196 0.144 2.459 185.149 1738.09 97.4 11.0 0.00981456 9.209686 81.62 0.48 













Sauer-UNLV, MW13FM-12, Muscovite, 4.92 mg, J = 0.005099 ± 0.44%        
4 amu discrimination = 1.0614 ± 0.44%, 40/39K = 0.0093 ± 74.72%, 36/37Ca = 0.000247 ± 10.38%, 39/37Ca = 0.000761 
± 12.08%   
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* 
% 39Ar 
rlsd Ca/K 40Ar*/39ArK 
Age 
(Ma)  1s.d. 
1 650 12 0.883 0.407 0.508 22.343 374.003 35.0 2.2 0.23330188 5.851781 53.04 0.73 
2 720 12 1.763 0.994 0.832 31.439 707.443 30.7 3.1 0.40495581 6.948737 62.82 1.17 
3 750 12 0.483 0.532 0.384 21.365 284.206 54.1 2.1 0.31892337 7.136460 64.48 0.64 
4 770 12 0.174 0.032 0.441 30.351 286.275 85.1 3.0 0.01350239 7.968148 71.85 0.54 
5 790 12 0.197 0.026 0.865 63.250 572.520 91.5 6.3 0.00526436 8.299078 74.77 0.54 
6 810 12 0.217 0.030 1.539 113.750 1021.160 94.6 11.2 0.00337755 8.555087 77.03 0.55 
7 830 12 0.253 0.030 2.330 176.130 1574.46 95.8 17.4 0.00218132 8.644732 77.82 0.55 
8 850 12 0.165 0.028 1.429 109.160 976.33 95.9 10.8 0.00328493 8.631226 77.70 0.55 
9 870 12 0.118 0.023 0.844 62.577 562.18 95.3 6.2 0.00470701 8.578800 77.24 0.55 
10 890 12 0.112 0.033 0.748 55.277 497.66 95.0 5.5 0.00764544 8.561781 77.09 0.55 
11 920 12 0.105 0.022 0.752 55.362 503.27 95.5 5.5 0.00508913 8.686958 78.19 0.55 
12 950 12 0.123 0.031 0.608 43.984 407.57 93.1 4.3 0.0090261 8.593664 77.37 0.56 
13 1000 12 0.148 0.025 0.665 48.733 461.57 92.4 4.8 0.00656976 8.732145 78.59 0.57 
14 1070 12 0.142 0.025 0.643 47.673 456.66 92.7 4.7 0.00671584 8.857995 79.70 0.58 
15 1150 12 0.132 0.026 0.666 49.473 483.40 94.5 4.9 0.00673035 9.172730 82.47 0.59 














Sauer-UNLV, MW13FM-15, Muscovite, 3.12 mg, J = 0.005111 ± 0.48%        
4 amu discrimination = 1.0614 ± 0.44%, 40/39K = 0.0093 ± 74.72%, 36/37Ca = 0.000247 ± 10.38%, 39/37Ca = 0.000761 ± 
12.08%   
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* 
% 39Ar 
rlsd Ca/K 40Ar*/39ArK 
Age 
(Ma)  1s.d. 
1 650 12 0.841 4.580 0.431 11.365 349.168 35.2 1.2 5.20585063 10.511404 94.41 1.36 
2 720 12 2.961 7.681 0.878 15.116 1027.47 20.1 1.6 6.56707183 13.702979 122.12 2.85 
3 750 12 0.323 0.559 0.200 9.631 170.113 52.1 1.0 0.74868003 8.376493 75.63 0.81 
4 770 12 0.142 0.074 0.221 14.502 160.310 84.2 1.6 0.0658054 8.397530 75.82 0.65 
5 790 12 0.142 0.086 0.284 19.022 202.300 87.8 2.0 0.05830407 8.636099 77.92 0.60 
6 810 12 0.152 0.083 0.447 30.453 313.123 91.4 3.3 0.03514806 8.983699 80.99 0.61 
7 830 12 0.168 0.087 0.724 52.171 523.681 94.0 5.6 0.0215051 9.240784 83.26 0.62 
8 850 12 0.187 0.091 0.979 71.518 715.526 94.9 7.6 0.01640879 9.379960 84.48 0.62 
9 870 12 0.176 0.085 1.183 88.107 877.485 96.2 9.4 0.01244109 9.509109 85.62 0.63 
10 890 12 0.138 0.085 1.143 85.590 848.340 97.3 9.1 0.01280696 9.570074 86.15 0.63 
11 920 12 0.143 0.097 1.139 85.008 839.598 97.1 9.1 0.01471507 9.507972 85.61 0.63 
12 950 12 0.133 0.108 0.929 67.863 673.995 95.4 7.3 0.02052305 9.501376 85.55 0.63 
13 1000 12 0.147 0.144 1.033 75.770 757.017 95.4 8.1 0.02450851 9.566434 86.12 0.63 
14 1070 12 0.165 0.213 1.244 94.027 946.098 95.8 10.1 0.02921322 9.689781 87.20 0.67 
15 1150 12 0.172 0.239 1.323 97.863 997.012 96.2 10.5 0.03149431 9.833021 88.46 0.65 








































































Muscovite Closure Temperature Calculations 
 
Sphere A = 55 E = 63000 kcal/mol 
    
Cooling Rate 125 μm 107.5 μm 90 μm 
30°C/Ma 458 442 436 
25°C/Ma 455 439 433 
20°C/Ma 451 435 430 
15°C/Ma 447 431 426 
10°C/Ma 440 425 420 
5°C/Ma 430 415 410 
    
    
Cylinder A = 27 E = 63000 kcal/mol 
    
Cooling Rate 125 μm 107.5 μm 90 μm 
30°C/Ma 469 453 447 
25°C/Ma 466 450 444 
20°C/Ma 463 446 441 
15°C/Ma 458 442 436 
10°C/Ma 452 436 430 
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